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of water in order to increase the strength and reduce the shrinkage of a grout. To
produce non-shrinking grout needs to use expansive agent in order to control the
shrinkage.
This research aimed to developing high performance non-shrinking grout utilizing
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der. The fresh and hardened properties and shrinkage and durability characteristics
as well as the cost of these grouts were evaluated and compared with the commercial
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mercial grouts. While the drying shrinkage of the developed grouts was less than that
of the commercial grouts, the durability characteristics (chloride diffusion coefficient,
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grouts was proven to be longer than that of commercial ones, with much lower initial
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION TOGROUTANDGROUT-
ING
After water, concrete is the most widely used material in the world. It is used in
many applications, such as building frames, tanks, bridges and pavements. Annually,
more than 10 billion tons of concretes is consumed annually all over the world [1].
However, One of the main problems assocoated with concrete is its inferior durability.
Deteriorating concrete structures needs to be repaired to extend their life to keep them
continue in their functioning.
Cement grout is generally utilized to repair deteriorated structures [2]. There are
many causes for cracks in concrete. One of them is the heat development during
hardening [3]. Second is attributed to drying shrinkage due to water evaporation, es-
pecially in hot-dry environments [4]. Shrinkage causes serious problems, like cracking,
warping (or curling) [5], and debonding [6]. Expansion of grout due to thermal change
is relatively high because of the high coefficient of thermal expansion of Portland ce-
ment, which is approximately 18 to 20 × 10−6 mm/mm/◦C compared with 7.4 to 13.0
× 10−6 mm/mm/◦C for concrete [7, 8].
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It is believed that the word “grout” was derived from the middle English word
“grùt” meaning coarsely ground meal, which was later applied to porridge [9]. Grout-
ing is an established technique that was first used to fill cracks in rock strata to stop
leakage of water. Most grouts used for this application contain a mixture of clay, lime,
or cement with water [10].
Grouting may be categorized according to general criteria, such as; purpose of the
structure, depth of the structure, temporary or permanent works, among other cate-
gories [11]. There are different applications of grouts concrete, such as repairing cracks
and holes in concrete structures [12], strengthening historical masonry buildings [3],
repairing hydropower structures (like dams, power station, etc.) [8], and for anchoring
bolts, cables, or rods not designed to sustain high tensile loads [13]. Also, grout can
be used for underground soil construction, such as the sealing of self-supporting un-
derground constructions [14], grouting of soil and rock [15] to improve the soft marine
clays present within the excavation [16]. Grout is also used in post-tensioning ducts
to transfer stress between wires and concrete and to prevent corrosion [17].
The pioneer in grouting technique was a French engineer called Charles Berrgny
[18]. In 1802, he invented a percussion pump to repair a damaged structure in the
harbor of Dieppe, a small town in France. Later in 1883, during the construction of
Thames Tunnel - an underwater tunnel - passing under the river Thames in London,
Engineer Marc Isambard Brunel became the first one to use Portland cement as a
cement grout [19]. In 1955, epoxy grout, made from epoxy resin and a filler powder,
was invented by Robert L. Rowan Sr. to be used in structures that exhibited damage
due to impact loading and chemical reactions [20].
Grouts are generally prepared utilizing sand, cement and other additives while
several commercial grouts, such as those produced by Sika, Fosroc, FoundOcean, and
others, are available in the market, which are costly. Therefore, there is a need to
develop high performance and cheap grouts utilizing local materials.
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1.2 NEED FOR THIS RESEARCH WORK
As mentioned earlier, cracks are the major causes of durability problems of reinforced
concrete structures in Saudi Arabia. The cracked components need to be repaired
to utilize their useful service life. Grouts are utilized to repair these deteriorated
structures. The commercial grouts available in the local market are expensive and
all may not satisfy the performance criteria in the local exposure conditions. Thus,
there is a need to develop high performance non-shrinking grout utilizing indigenous
materials available locally.
1.3 OBJECTIVES OF THE RESEARCH
The overall objective of the proposed study was to develop high performance non-
shrinking grout (HPNSG) utilizing indigenous raw materials. The specific objectives
were as the following:
1. To develop optimum non-shrinking grout mixtures utilizing indigenous materi-
als,
2. To evaluate the shrinkage characteristics and mechanical properties of the de-
veloped non-shrinking grouts,
3. To compare the properties of the developed grout mixtures with those of few
commercial grouts in the local market, and
4. To provide recommendations on the use of the developed grouts.
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1.4 RESEARCH PLAN
The work was executed in the following five phases:
First: Gathered information about the subject through comprehensive and extensive
literature review.
Second: Prepared testing equipment and weighing scales, specimens moulds and ex-
perimental accessories. Also imported all the materials used in this study.
Third: Got optimum dosages of superplasticizer by running trial mixtures with small
volumes.
Four: Cast HPNSG specimens that were cured in water, thereafter, proposed tests
were carried out.
Five: Data were analyzed, and report covering the whole process was finally prepared
in which conclusions were drawn from the experimental results and recommen-
dations were provided.
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CHAPTER 2
LITERATURE REVIEW
2.1 HIGH PERFORMANCE GROUT
The demand for grouting increased with time; hence, researchers developed several
grouts and grouting techniques and applied these to various fields. Various researchers
developed high-performance grouts using different types of mineral or chemical admix-
tures [21–23] and these high-performance grouts are being used in the field for grouting
ducts.
2.2 SPECIFICATIONS ANDREQUIRMENTS OF
GROUT
The basic characteristics of a grout are its required strength, durability, and above
all its injectability [24]. The most important features in grouting manufacturing are:
adequate fluidity, self-compacting behaviour [25], and penetrability [3].
The flowability properties are affected by a wide different factors, to say some of
them are: ingredients content, properties and dosage of superplasticizer type. Also,
the water to cement or binder ratio, fine and coarse aggregates used, condition of
weather (mainly moisture content and temperature), the method of mixing (manual
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or in automatic mixer) and the time taken to mix [26,27].
The injectability (penetration) of fresh grout may be considered as the most im-
portant property to get good working grouting [8]. It is required to insure that grout
can fill all voids and cracks and to keep continuity of the old materials with grout
materials and keep all material compatible [27].
The workability behaviour was characterized by the rheological parameters such
as yield stress and plastic viscosity [27]. To get self-compacting grout, the grout must
be viscous and its deformation is high [28]. The rheology is affected by the ingredients
of the mixture and particle grout size [29]. The properties that effect injectability can
be summarized as follows [30]:
i. Satisfactory penetrability characteristics: Penetrability is governed by the min-
imum width of cracks against the maximum grain size of solids (usually aggre-
gates).
ii. Sufficient fluidity: The possibility of flow without the need to external pressure
or vibrations.
iii. Satisfactory stability of the suspension: It occurs when there is minimum possible
bleeding and avoidance of segregations.
2.3 CONSTITUENT MATERIALS
The materials used in cementitious grouts may include [24]: Portland cements, fillers
such as fine and coarse aggregate. Additives like silica fume, metakaolin, limestone
powder or natural pozzolan, can be added separately or by mixing of two materials.
Further, it can contain superplasticizers and expansive agents.
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2.3.1 Cement
The hydration process of Portland cement is a complex process, whereby a series of
chemical reactions take place instantaneously, or in a sequence manner [31]. According
to ASTM C 150, five Portland cement types can be used to produce grout concrete [32].
To choose a certain type of cement is to rely on the required properties and time to
achieve the required strength. The following paragraphs summarize the properties of
the five types of Portland cement and their applications [32]:
Type I: Can be used for all grout jobs when special properties of the rest of four
other types are not required.
Type II: Can resist sulfate attack, so can used for underground work. Also, the heat
of hydration is less than Type I, so it can be used when the heat of hydration is an
issue.
Type III: The rate of hydration is faster than Type I and Type II, and can be used
if the structure has to be put in service in 10 days. Also, the surface area is finer than
the other types thereby improving the workability and pumpability (injectability).
Type IV: This type has the least heat generation in hydration process, and is rarely
used in grouting.
Type V: It can resist high sulfates, seldom used in grout concrete. However, it can
be used for underground work for soils and wells when there is high sulfate content.
2.3.2 Silica Fume (SF)
Silica fume is a by-product of the manufacture of silicon and ferrosilicon alloys. Silica
fume particles consist of very fine particles. They are spherical in shape with a mean
diameter of approximately 100 times finer than cement. Silica fume is a very reactive
pozzolan. Its use is expected to produce dense and impermeable concrete [33].
Silica fume can be used as a filler, although it is often used in applications such
as bridges and parking garages to minimize chloride penetration into concrete [34].
7
Silica fume gives high compressive strength [35–42]. Also, silica fume reduces bleed
and permeability, and improves workability and stability [16, 43]. The addition of
silica fume results in an increased water demand because of its extreme particle’s
fineness. Thus, to maintain workability, a superplasticizer must be added to the grout,
sometimes with dosage higher than the limits recommended by the superplasticizer
manufacturer [40].
Research with varying amounts of silica fume addition has shown that silica fume
addition is optimized at around 5-7% cement weight replacement [40,44]. Silica fume
grouts have also been found to be thixotropic in nature; that is, they remain sticky
and cohesive at rest, but retains their fluidity when agitated [37,45].
It is to be noticed that the increasing dosages of silica fume may lead to increase
plastic shrinkage. It is found that the fineness of silica fume has good correlations
with the possibility of getting plastic shrinkage cracking, specially in hot weather [46].
Further, if the grout has a temperature greater than 35 ◦C, there will be loss in
workability, below that temperature the grout presented self-leveling [47].
Silica fume grouts tend to have a lower pH than plain grouts and, therefore, the
concentration of chlorides necessary to breakdown the passive layer on the steel may
be reduced. However, this effect is considered small in comparison to the reduced
chloride diffusivity rates found in silica fume grouts [38].
2.3.3 Limestone Powder (LSP)
Limestone is a sedimentary rock composed largely of the minerals calcite and arago-
nite, which are different crystal forms of calcium carbonate (CaCO3). Most limestone
is composed of skeletal fragments of marine organisms such as coral or foraminifera.
It is made up of about 10% of the total volume of all sedimentary rocks [48].
Replacement of cement by LSP up to 20% can improve workability, strength, and
can resist corrosion [49]. LSP enhances fluidity and reduces yield stress of highly
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flowable mortar [50]. Through pore-filling effect, LSP reduces permeability that can
increase strength and improves durability and produce compact structure [51].
LSP enhances properties physically because of their small particle sizes, which
enhances the packing density of powder and reduce the gaps, thus resulting in less
entrapped water [52]. Chemically; LSP supplies ions into the solution, thus modifying
the kinetics of hydration and the morphology of hydration products [53].
2.3.4 Natural Pozzolan (NP)
Natural pozzolans one of the oldest materials used by people. The term “pozzolan”
comes from a volcanic ash mined at Pozzuoli, Italy [34]. Pozzolans are natural rocks
of volcanic origin and composed of silica and alumina oxides with little lime [54].
Pozzolans can be categorized as both supplementary cementitious materials as well as
mineral admixtures [55].
Using of NP as replacement of cement by ratio 15% to 35% can improve the resis-
tance of cement against sulfate attack, alkali-silica reactivity, and reduce permeability.
Due to the absence of lime, the hardening rate is very slow and takes long time, so the
compressive strength, splitting and flexural strengths at early age will be relatively
low and will improve within longer curing periods [56–59].
In Kingdom of Saudi Arabia, natural pozzolanic material is available from the
basalt fields (harrat) spread within the “Edge of Arabian Shield”. It has almost the
same chemical analysis despite the fact that they came from different locations [60].
2.3.5 Metakaolin (MK)
Metakaolin is a replacement cementitious material with pozzolanic properties [61].
MK is a poorly crystallized pozzolan obtained by calcining high purity kaolin clay
at temperatures of 700 − 800 ◦C [62], and grounded to particle sizes between 1 to 2
micrometers [34].
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MK improves permeability [34] thereby leading to higher durable concrete [63].
Accordingly, MK is usually used in bridges and parking garages to minimize chloride
penetration [34]. The strength increases when MK is used as replacement of cement
in dosages of 10 to 20% [62]. However, there will be large reduction in workability,
which requires more dosage of superplasticiser.
2.3.6 Fine Aggregates (FA)
The sand, used in cement grout, acts as a filler material. Sand can be used in grout
if it passes ASTM Sieve No.16 [32]. The increasing percentage of sand can cause
segregation, which can be avoided by using finer sand or adding a mineral admixture.
2.3.7 Coarse Aggregates (CA)
The coarse aggregate (particle size greater than 4.75 mm) can be used in grout up to
a size of 12 mm (1/2") [64]. The coarse aggregate should not contain clay because
that may produce excessive creep and shrinkage [65].
2.3.8 Superplasticizer (SP)
To get high performance grout concrete, usage of superplasticizer is necessity. It can
reduce water demand significantly that increases initial and final strength [15], the vis-
cosity also gets to increase, making the grout more workable and easy to handle and to
pump [66]. Reducing water will improve water impermeability, durability and reduce
bleeding and segregation. One of the most important advantage of superplasticizer is
to reduce shrinkage, thereby making the cracks less and the creep declines [15].
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2.3.9 Expansive Agent (EXP)
To produce non-shrinkage grout concrete, shrinkage-compensating agents should be
added to mix. The expansive agents have the ability to increase volume chemically
through certain reactions [67].
The main mechanism of expansive concrete is the growth of the expansive hydra-
tion products right after setting under moist conditions, such as etringite (AFt) and
monosulfoaluminate (AFm). These hydration products have a good crystal structure
and large volume expansion with a high crystal growth pressure. They can increase
the volume of concrete through the growth of the crystals [68].
The hydration rate of shrinkage-compensating concrete is usually higher than that
of normal Portland cement concrete. The microstructure of shrinkage-compensating
concrete at an early age contains a large number of AFt crystals. With the pro-
cess of hydration, C–S–H can fill in the spaces occupied by water and surround the
AFt crystals. Hence, a much denser microstructure can be produced [69]. Also, the
shrinkage-compensating concrete has a denser microstructure and a higher gel-to-
space ratio, therefore, its resistance to water penetration and ion diffusion is greatly
improved. As a result, the migration rate of water, and the diffusion rate of chloride
ions, oxygen, and carbon dioxide into the concrete are reduced [70]. Generally speak-
ing, shrinkage-compensating concrete has better durability than normal concrete in
respect of carbonation, corrosion of steel bar, freezing–thawing, chemical resistance
and leaching [71].
2.3.10 Water
Mixing water:
Drinking water is suitable for grout concrete [72,73]. Any water can be used if it does
not affect the hydration process. Local water sources, up to several thousand parts
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per million of mineral acids and dissolved solids, can be used. If there is sugar or its
derivative in water, or large amounts of dissolved sodium or potassium, that water
should be avoided [73].
Water to cement ratio (w/c) has significant influence on all grout properties [74].
Reducing the (w/c) ratio makes the microstructure dense, with smaller pore size,
thereby decreasing the permeability and increasing the durability [75].
Curing water:
Curing water should be free from any material that can negatively affect the hydration
reaction process in Portland cement, such as dissolved sodium and potassium salts
[72,76].
2.4 BATCHING
The fresh properties of the grout, such as its rheology or the tendency of the solids to
settle, will be strongly influenced by its water/cement ratio. The hardened strength
will also be critically dependent on the water/cement ratio of the grout. It is, therefore,
very important that grout mixes are accurately batched. The density of a grout (ρg)
is related to the water/cement ratio as follows [24]:
ρg =
(1 + w/c)
(w/c
ρw
+ 1
ρc
)
(2.1)
For most applications, the useful range of water/cement ratio for structural grouts
(as opposed to those used in geotechnical engineering or for bulk void filling) will be
about 0.3 to 0.45. For a cement with a density of 3150 kg/m3, this will give a range
of grout densities from 2105 to 1889 kg/m3 [24].
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2.5 HARDENED PROPERTIES OF GROUT
Compressive strength is perhaps the most important property of hardened concrete.
Not only is it vital in itself in most structural applications, but also it can be related to
many other properties, such as elastic modulus and durability, which are more difficult
to measure directly [77]. Compressive strength is usually measured on either cubes or
cylinders. UK practice is to use cubes, sometimes as small as 10 mm for neat cement
grouts, but more commonly 50, 75 or 100 mm [78].
In general, for concrete as specimens size go large, the average strength will re-
duce [79]. However, tests on neat cement grouts have shown generally insignificant
differences between results from cube sizes varying from 50 to 100 mm [80]. The ex-
ception was strength measured at one day old, which increased with specimen size,
probably due to increased temperature from heat of hydration effects.
For cementitious mixes, the principal factors influencing the compressive strength
and the rate of gain of strength are [24]:
i. age
ii. water/cement ratio (or, more strictly, when using partial cement replacement
materials, the water/binder ratio)
iii. curing conditions
iv. composition, fineness and type of the cement
v. proportions of cement replacement materials
vi. the presence of admixtures.
The tensile strength of grouts, being typically 10% of the compressive strength,
has less importance, and it is not often measured [24].
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2.6 DURABILITY OF GROUT
Durability can be defined as the ability of a material to remain serviceable for at
least the required lifetime of the structure of which it forms a part. However, many
structures do not have a well-defined lifetime and, in such cases, the durability should
ideally be such that the structure remains serviceable more or less indefinitely, given
reasonable maintenance. Degradation of a grout can result from either the environ-
ment to which it is exposed to (for example, saline environment) or from internal
causes within the grout (as in alkali-aggregate reaction) [81]. However, it is perhaps
more useful to divide the degradation processes into two broad groups:
i. Those that initially involve chemical reactions which subsequently lead to loss
of physical integrity; these include attack by sulfates, sea water and other saline
water, acids and alkali-silica reaction;
ii. Those which directly lead to physical effects, such as attack by fire.
2.6.1 Mechanisms of Chloride Ion Transport
The rate of most of the degradation processes is controlled by the rate at which mois-
ture, air or other aggressive agents can penetrate the grout [82]. The most important
transport means include capillary absorption, hydrostatic pressure, and diffusion. The
most familiar method is diffusion (i.e, the movement of chloride ions under a concen-
tration gradient). For this to occur, the concrete must have a continuous liquid phase
and there must be a chloride ion concentration gradient [83].
2.6.2 Chloride Diffusion
Chloride diffusion into concrete, like any diffusion process, is controlled by Fick’s First
Law, which, in the one-dimensional situation normally considered, states [24]:
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J = −Da dC
dx
(2.2)
where:
J = flux of chloride ions, mol
m2.sec
Da = a pparent chloride diffusion coefficient, m2/seconds,
C = chloride concentration, concrete mass %,
x = depth below the exposed surface, m.
In practical terms, this equation is only useful after steady-state conditions have
been reached, i.e. there is no change in concentration with time. It can be used, how-
ever, to derive the relevant equation for non-steady conditions (when concentrations
are changing), often referred to as Fick’s Second Law [84]:
∂C
∂t
= Da
∂2C
∂x2
(2.3)
The chloride concentration at any depth and any time can be obtained by solving
this differential equation. The solution is:
C(x, t) = Cs − (Cs − Ci) . erf( x√4Da t) (2.4)
where:
Cs = chloride ion concentration at the surface of a concrete specimen,
concrete mass %,
Ci = initial chloride-ion concentration of the specimen, concrete mass
%,
t = exposure time, seconds,
erf = error function described in Equation 2.5 below.
erf z = 2√
pi
∫ x
0
e−u
2
du (2.5)
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where z refers to the expression x√4Da t and u is a regression variable. The value of
this error function corresponding to the specific depth x and time t can be obtained
from standard mathematical reference books [85].
By referring to Equation.2.4, which includes the effect of changing concentration
with time (t), this equation has been solved using the boundary condition C(x=0,t>0)
= Cs (the surface concentration is constant at Cs), the initial condition C(x > 0, t =
0) = 0 (the initial concentration in the concrete is 0) and the infinite point condition
C(x =∞, t > 0) = 0 (far enough away from the surface, the concentration will always
be 0).
Diffusivity measurements on cement grouts have generally been carried out on
relatively mature specimens. As might be expected, higher water/cement ratios lead
to higher diffusivities; for example, Page et al. [86] have found values for chloride
ion diffusivity through saturated grout at 25◦C of 2.6, 4.4 and 12.4×10−12 m2/s for
water/cement ratios of 0.4, 0.5 and 0.6, respectively.
2.7 DEFORMATION
Deformation of cement grouts results both from environmental effects, such as mois-
ture movement or change in temperature, and from applied stress, either short or long
term [87].
2.7.1 Types of Shrinkage
Volume changes accompany the loss of moisture from fresh or hardened cementitious
materials. The term “drying shrinkage” is generally used for hardened material. The
term “plastic shrinkage” is used for unhardened “plastic” concrete prior to time of set-
ting, since its response to loss of moisture is quite different. “Carbonation shrinkage”,
which occurs when hydrated cement reacts with carbon dioxide from the atmosphere,
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can be regarded as a special case of drying shrinkage [24, 88]. The drying shrinkage
and factors influenced it will be illustrated with little details in next section
2.7.2 Drying Shrinkage
In case of no moisture exchange with the environment, i.e. in sealed conditions, there
will be a small decrease in volume while the grout is still plastic resulting from re-
actions of the Portland cement. During the hardening process, the internal relative
humidity keeps decreasing thereby leading to further net overall volume reduction,
called autogenous shrinkage [89]. If water is continuously available from the environ-
ment, e.g. the grout is immersed, then some of this is absorbed and there is a small
progressive increase in volume. Expressed in linear strain terms, this expansion may
reach 0.2% after several years. Of much greater significance for the structural perfor-
mance of grouts is the shrinkage and swelling associated with loss or gain of moisture
with a changing environment. Movements of 1% strain or more can be obtained, in
timescales of days or weeks. That action is drying shrinkage [90]. The behaviour is
repeated with successive cycles of drying and wetting, as illustrated schematically in
Figure 2.1 maximum shrinkage occurs on the first drying, and a considerable part
of this is irreversible and must be distinguished from the reversible portion resulting
from alternating wet and dry conditions [91]. Further drying and wetting cycles result
in progressively smaller amounts of irreversible shrinkage. Also shown in Figure 2.1
is the relatively small, continuous swelling on permanent immersion.
2.7.3 Factors Influencing Shrinkage
The water to cement ratio affects the shrinkage [92]. Powers [93] has concluded that
for smaller the water to cement ratio at the beginning, the less the proportion of
capillary pores in the mature cement. According to Ishai [94], an increase in w/c
ratio would intensify the shrinkage of cement paste and would accelerate the volume
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Figure 2.1: Schematic illustration of moisture movements in concrete (PCA 1967).
contraction process by providing more space for free-water diffusion. Further, the
higher the percentage of capillaries and voids in the concrete system due to an increase
in w/c ratio would reduce the rigidity of the solid matrix and its capacity to resist
deformation. It is, therefore, expected that the shrinkage of cement paste will be
greater if the w/c ratio is higher.
The nature and type of cement has a considerable influence on shrinkage [95]. For
four different cement types (ordinary Portland, aluminous cement, slag, and portland
with high early strength) [96], an ordinary portland cement gave 0.22 percent shrinkage
in a neat paste at 1,000 days and a Portland having a high early strength gave 0.35
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percent shrinkage. Dutron [97] indicated for ordinary Portland a figure of the same
order of magnitude, for aluminous cement, 0.25 percent. The same author showed
that in Portland and slag mixtures, the shrinkage increased with the proportion of
the latter. The higher shrinkage of high-strength concrete can likely be attributed to
the greater cement content, which is accompanied by a considerably greater amount
of heat and, thus, rate of hydration. Graf [98] noticed the influence of the grain size of
the cement on shrinkage due to the increase of surface area. Haller [99] has shown that
shrinkage increased from 0.117 percent to 0.169 percent in 90 days when the specific
surface increased from 1,355 to 2,280 cm2/g for the same Portland cement. However,
the influence of the degree of hydration on drying shrinkage was not so simple, for
two reasons [24]:
i. Unhydrated cement grains act as a restraint against movement, thereby reducing
the shrinkage at low degrees of hydration.
ii. With a high degree of hydration, there is less water in capillary pores, and the
earlier loss of water from the gel pores results in greater shrinkage.
The proportion of aggregate has an influence on the shrinkage of concrete since
aggregates are stiffer than the cement paste and, therefore, restrain its moisture move-
ment [96]. But a few aggregates undergo excessive volume changes themselves on
wetting and drying and aggregate that is shrinking fails to restrain the shrinking of
the paste [100].
Powers [93] as well as Tremper and Spellman [101] emphasized the cumulative effect
on shrinkage in making poor choices in the selection of materials. Powers assumed
a constant w/c ratio and concluded: “Wrong choices of alternatives (with respect to
volume change) can result in about seven times as much shrinkage as would result
from the best choices.” Meininger [102] concluded that due to the source of coarse
aggregate alone, concrete shrinkage can vary up to 100 percent.
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2.8 THERMAL EXPANSION
The linear coefficient of thermal expansion of a neat cement grout varies between
about 10 and 20 ×10-6 per ◦C [24]. The value varies with moisture content, reaching
a maximum at about 70% relative humidity. The thermal expansion is affected by
moisture movement within the grout. However, it is time dependent, for that, the
increase in expansion when the temperature increases, after while tends to decrease
with constant temperature. For these reasons, estimates of movements in structural
situations from tests on laboratory specimens should be treated with caution. Most
aggregates have thermal expansion coefficients lower than that of neat cement grouts
and, therefore, the presence of aggregate leads to a reduced coefficient for the com-
posite grout, and to a reduced dependence on relative humidity [24].
2.9 INFLUENCE OF MIXING PROCEDURE
Not much information on the influence of mixing time is available from the literature
review. Mixing time of 5, 6-12, 1-10 and 10-15 minutes were adopted by Banfill [103],
Paoli et al. [104], Schwarz [105] and Sio-Keong [106], respectively, but the volume of
mix was not known for the first three researchers.
Grout mixers are often classed as high shear or low shear mixers though there is
no clear dividing line between the two types. Indeed, it may be easier to judge the
type of mixer by the grout it produces. Jefferis [24] gave Table 2.1 to find comparative
properties to be expected of high and low shear mixed grouts. He mentioned that the
table should be taken as merely a guideline and not definitive.
Some factor also play role in differentiating between high and low shear mixers
that include [107]: mixer shaft rotational speed, mix head peripheral speed and the
clearance between mix head and adjacent fixed surfaces and the energy input during
mixing (mixer power per unit volume of mix multiplied by mixing time). But the
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author believed that for small mixture, low shear mixer can handle the mix without
problem of bleeding or cohesion issue.
Table 2.1: Comparative properties of high and low shear mixed grouts.
property MixerLow Shear High Shear
Bleed High Low
Yield Stress Low High
Plastic Viscosity High Low
Internal cohesion Low High
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CHAPTER 3
EXPERIMENTAL PROGRAM
3.1 INTRODUCTION
In this chapter, the materials used in the experimental program were stated along
with their characteristics and sources. In accordance with the theme of this research,
most of the materials employed in the research program were procured from local
sources within the Kingdom. Further, the experimental procedures followed in the
investigation were clearly laid out. Four different waste materials that are available
locally were employed as filler materials for developing the grout.
The research work was carried out in three major stages. The first stage involved
selection of the materials, and designing the trial mixtures. In the second phase,
preparation of specimens was carried out and in the third phase, testing of specimens
was done to ascertain the mechanical, and durability. In this chapter, all these three
phases are discussed thoroughly.
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3.2 MATERIALS USED IN THE STUDY
3.2.1 Cement
The cement type used was ASTM C 150 Type I, having a specific gravity of 3.15. This
is the most commonly used cement type in the Kingdom. Its chemical composition is
shown in Table 3.1
Table 3.1: Chemical composition of Type I cement, (OPC).
Component Weight (%)
CaO 64.7
SiO2 22
Al2O3 5.64
Fe2O3 3.80
K2O 0.36
MgO 2.11
Na2O 0.19
Equivalent alkalis 0.33
SO3 2.10
Loss on ignition 0.70
C3S 55.9
C2S 19
C3A 7.5
C4AF 9.8
3.2.2 Silica Fume (SF)
The SF employed in this study was sourced from a local ready-mixed company. Its
specific gravity is 2.25. Its chemical properties are shown in Table 3.2
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Table 3.2: Chemical composition of the silica fume used in this study.
Component Weight (%)
SiO2 92.5
Al2O3 0.72
Fe2O3 0.96
CaO 0.48
MgO 1.78
SO3 -
K2O 0.84
Na2O 0.5
Loss on ignition 1.55
3.2.3 Natural Pozzolan (NP)
The natural pozzolan used this study was obtained locally from volcanic rocks in
the Western Province of Saudi Arabia. Its specific gravity is 3.00, and its chemical
composition is shown in Table 3.3
Table 3.3: Chemical composition of the natural pozzolan used in this study.
Component Weight (%)
SiO2 42.13
Al2O3 15.33
Fe2O3 12.21
MgO 8.50
CaO 8.06
K2O 0.84
Na2O 2.99
Na2O+(0.658K2O) 3.54
Loss on Ignition -
Moisture 0.17
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3.2.4 Limestone Powder (LSP)
The LSP used in the research was sourced from a limestone rock quarry in Abu
Hadriyah, Eastern Province of Saudi Arabia. It has a specific gravity of 1.60 and its
chemical composition is shown in Table 3.4
Table 3.4: Chemical composition of the limestone powder used in this study.
Component Weight (%)
SiO2 11.79
CaO 45.7
Al2O3 2.17
Fe2O3 0.68
MgO 1.8
K2O 0.84
Na2O 1.72
Na2O+(0.658K2O) 2.27
Loss on Ignition 35.1
Moisture 0.2
3.2.5 Metakaolin(MK)
The MK used in the research was sourced from Qatif, Eastern Province of Saudi
Arabia. It has a specific gravity of 2.0 and its chemical composition is shown in Table
3.5.
Table 3.5: Chemical composition of the calcined clay (MK) used in this study.
Component Weight (%)
SiO2 46.37
Al2O3 35.37
Fe2O3 6.66
MgO 4.58
K2O 1.76
Na2O 0.95
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3.2.6 Aggregates
Sand, an abundantly available material in the Kingdom, was used as the fine aggregate
in this study. The specific gravity of fine aggregate was 2.53. Table 3.6 shows the
grading of the sand used in the study.
Table 3.6: Grading of the fine aggregates used in this study.
ASTM Sieve # Size (mm) % passing
4 4.75 mm 100
8 2.36 mm 100
16 1.18 mm 100
30 600 µm 76
50 300 µm 10
100 150 µm 4
In addition to sand, aggregates used in this study were crushed limestone sourced
from a local quarry in Abu Hadriah, Eastern Province of Saudi Arabia. The coarse
aggregate had only one aggregate size of 2.36 mm (ASTM Sieve No.8), and a specific
gravity of 2.60. Table 3.7 shows the coarse aggregate grading.
Table 3.7: Grading of the aggregates used in this study.
ASTM Sieve # Sieve size (mm) % passing
4 4.75 100
8 2.36 0
3.2.7 Expansive Agent (EXP)
Fosroc® Cebex 100 was used as an expansive material to give mixture positive expan-
sion. Cebex 100 also works as a superplasticizer. Its technical data are shown in Table
3.8, as obtained from the manufacturer. In spite of the recommended dosage by the
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manufacturer was 0.908% by cement weight, the dosage was optimized for a water to
cement ratio between 0.44 to 0.48%.
Table 3.8: Technical data for Cebex 100.
Chloride content: Nil to BS 5075
Compressive Strength: The plasticising action of Cebex 100 allows reduction
of the water/cement ratio of cementitious grouts whilst
maintaining flow properties. This gives improvement
in strength and long term durability when cured under
restraint.
Setting times: Cebex 100 does not significantly affect the setting times
of cement based grouts.
Expansion Character: The controlled positive expansion in unset grouts incor-
porating Cebex 100 overcomes plastic settlement when
measured in accordance with ASTM C 827. An unre-
strained expansion of up to 4% is typical.
Time for expansion: 15 minutes to 2 hours. Temperatures over 20 ◦C may
slightly reduce these times.
Compatibility: Cebex 100 is compatible with all types of Portland ce-
ments.
3.2.8 Superplasticizer (SP)
The superplasticizer employed in all the trial mixes in this investigation was Nafores
801 P. Nafores 801 P is a sodium salt of polynaphthalene sulphonic acid. It was
sourced from a local supplier in the Kingdom. Its technical data are shown in Table
3.9, as obtained from the manufacturer. As recommended by manufacturer, field
trials should be conducted to determine the optimum dose for particular application.
Generally 0.2 to 1% of Nafores 801 P was used based on weight of cement.
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Table 3.9: Technical data for Nafores 801 P.
Chemical classification Sodium salt of polynaphthalene sulphonic acid
Appearance and form Beige to brownish free flowing powder
Solid content 93 ± 1%
pH of 10% solution 7 – 9
Bulk density g/cc 0.7 ± 0.02
Ionic nature Anionic
Solubility Soluble in water in all proportions
3.2.9 Mixing Water
The normal sweet water available in the laboratory tap was used throughout the trial
mixing and preparation of test specimens for evaluation of hardened properties of
successful mixes.
3.2.10 Commercial Grouts
In this study, for the purpose of comparison, two commercial grouts from two different
manufacturers were used. The products were SikaGrout®-214 and Fosroc® Conbextra
GP which were manufactured by Sika and Fosroc companies, respectively. Table 3.10
gives some properties for both commercial grouts used in the study, as obtained from
the manufacturer.
Table 3.10: Properties of commercial grouts used in this study.
Property SikaGrout®-214 Fosroc® Conbextra GP
Density 2200 kg/m3 2080 kg/m3
Compressive Strength
@ 1 day 30 MPa @ 1 day 15 MPa
@ 7 day - @ 7 day 45 MPa
@ 28 day 65 @ 28 day 65 MPa
Expansion 0.025 - 0.10% after 28 days 1% plastic state
Mixing ratio
Water/Powder Ratio
Plastic consistency 0.11–0.12 Flowable 0.16–0.18
Flowable (max. strength) 0.12–0.13 Trowellable 0.136–0.144Highly flowable (max. flow) 0.14–0.15
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3.3 HPNSG TRIAL MIXES
Twenty seven (27) mixes were tried in the study. Twenty five (25) of the mixes were
binary mixtures of waste materials with cement, while two (2) mixes were commercial
grout.
3.3.1 Mix Parameters of the Trial Mixes
Table 3.11 shows the parameters used in the trial mixes. As can be seen from the
Table, all design parameters were fixed for all the mixes, except the quantities of
superplasticizer required for each trial mix to achieve self compatibility. These dosages
were obtained by trials on the grout mixes until the flow attained satisfactory levels.
Table 3.11: Mix parameters used in the trial mixes.
w/p ratio 0.32 (Constant)
TA/p ratio 1.75 (Constant)
FA/TA ratio 0.40 (Constant)
Expansion material/p 0%, 0.25%, 0.5%
Superplasticizer (SP) dosage Variable
% of replacement of SF 5%, 10%, 15%
% of replacement of NP 20%
% of replacement of LSP 10%, 20%
% of replacement of MK 10%, 15%
The codes for trial mixes, percentage of material’s replacement, and percentage of
expansion material were given in Table 3.12. The code has three segments, the first is
the name of replacement material, the second is the percentage of replacement, and
the third is the percentage of expansive material. For example “SF-10-0.25” means
the replacement material is Silica Fume, with 10% replacement of cement and 0.25%
of expansion material to total powder.
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Table 3.12: Combinations and proportions of waste materials and cement for each
of the mixes for detailed evaluation.
S/N Trial ID Rep. Mat. % of Rep. % Exp. Mat.
M1 Ctrl-0-0 - - 0
M2 SF-5-0
SF
5 0
M3 SF-5-0.25 5 0.25
M4 SF-5-0.5 5 0.5
M5 SF-10-0 10 0
M6 SF-10-0.25 10 0.25
M7 SF-10-0.5 10 0.5
M8 SF-15-0 15 0
M9 SF-15-0.25 15 0.25
M10 SF-15-0.5 15 0.5
M11 LSP-10-0
LSP
10 0
M12 LSP-10-0.25 10 0.25
M13 LSP-10-0.5 10 0.5
M14 LSP-20-0 20 0
M15 LSP-20-0.25 20 0.25
M16 LSP-20-0.5 20 0.5
M17 NP-20-0
NP
20 0
M18 NP-20-0.25 20 0.25
M19 NP-20-0.5 20 0.5
M20 MK-10-0
MK
10 0
M21 MK-10-0.25 10 0.25
M22 MK-10-0.5 10 0.5
M23 MK-15-0 15 0
M24 MK-15-0.25 15 0.25
M25 MK-15-0.5 15 0.5
M26 Sika®- 214
M27 Fosroc® Conbextra GP
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3.3.2 Mix Design for the Trial Mixtures
The idea of design mixture is to keep the same volume for all trials for purpose
of comparing. At the beginning, the control volume was calculated considering the
whole powder was cement. The volume was found by summing the volume of each
component which is the weight divided by its specific gravity. For each other mix,
the volume of aggregate was unknown, it was substituted to keep the mix volume the
same as the control mixture [108]. The analytical derivation of the masses of fine and
coarse aggregates was calculated as follows:
The total weight of Powder (Wp) is the weight of cement (Wc) plus the weight of
replacement (Wr), then the weight of total aggregate (WTA) can be found by:
WTA = 1.75×Wp (3.1)
Then, the weight of fine aggregate (WFA) is given by:
WFA = 0.4×WTA (3.2)
While the weight of crushed limestone aggregate (WCA) is:
WCA = 0.6×WTA (3.3)
The weight of water (Ww) can be calculated from (W/p) ratio which was 0.32:
Ww = 0.32×Wp (3.4)
The volume for the control mix (V1), where there was no any replacement is the
summation of weight of ingredients by its specific gravity:
V1 =
Wc
SGc
+ WFA
SGFA
+ WCA
SGCA
+ Ww
SGw
(3.5)
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When there was replacement of cement by any weight (Wr), the volume of mix
without aggregate (V2) is given by:
V2 =
Wc
SGc
+ Wr
SGr
+ Ww
SGw
(3.6)
The difference between control volume V1 and V2 should be substituted by aggre-
gate, the volume of total aggregate (V3):
V3 = V2 − V1 (3.7)
Finally, the weight of fine and crushed aggregate will be proportional to its specific
gravity and can be calculated by using Equation 3.7 and Equation 3.8, respectively
WFA =
V3
1
SGFA
+ 1.5
SGCA
(3.8)
3.3.3 Weights of Constituent Materials in Trial Mixtures
The weights of constituent materials for the trial mixtures, obtained by applying the
equations in the previous section, are shown in Table 3.13. In this table, the last
column shows the flow by centimeters, that result from the flow table test for each
trial. All the weights in the table are by grams. For the last two mixes, which are for
commercial grouts, the water/powder ratio was taken from the data sheet provided
by manufacturers, in this case, w/p was 0.14 for Sika® 214 and, 0.17 for Fosroc®
Conbextra GP.
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3.3.4 Preparation and Curing of Specimens
Concrete specimens were prepared and cured to carry out various tests planned in this
study. Batching of each mix was proportioned by weight. The dry components were
mixed for seven minutes in a mixer with capacity 0.2 m3 (see Figure 3.1). Then, the
water was gradually added to the mixer while it was running. The period of adding
water continued for eight to ten minutes. After that, the mixture became ready
to discharge, thereafter, the flow table test was carried out according to ASTM C
230 [109] (see Figure 3.2), then the mix was poured into the molds. After casting, the
specimens were covered with plastic sheet for 24 hours in the laboratory environment
(22 ± 3 ◦C) to minimize loss of mix water. After 24 hours, the specimens were
demoulded and placed in a curing tank till the time of test. Table 3.14 shows the type
and number of specimens used in this study.
Figure 3.1: Mixer used in this study.
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Figure 3.2: Flow table test.
3.4 TESTS ON TRIAL MIXES
In this sections, brief description to the tests carried out in this study was presented:
3.4.1 Compressive Strength
Compressive strength specimens were 50×50×50 mm concrete cubes. The compressive
strength was determined according to ASTM C 942 [110] after 3, 7, 14 and 28 days
of water curing. The specimens were tested using an automatic compression machine
of hydraulic type of Matest® brand, shown in Figure 3.3. The compressive load was
applied at a constant rate of 0.8 kN/s until the specimen failed and the maximum
load (kN) was noted. The compressive strength was calculated by dividing the failure
load by the cube cross-sectional area.
35
Figure 3.3: Matest® hydraulic type compressive strength testing machine.
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Table 3.14: Type and number of specimens prepared and tested.
No. Tests SpecimenType
Dimensions
(mm) Test Standard
Specimen
Tested
1 Compressive strength Cube 50×50 ASTM C 942 324
2 Tensile strength (Split) Cylinder 75×150 ASTM C 496 81
3 Modulus of elasticity Cylinder 75×150 ASTM C 469 81
4 Drying shrinkage Prism 25×25×285 ASTM C 157 81
5 Corrosion potentials Cylinder 75×150 ASTM C 876 81
6 Corrosion currentdensity Cylinder 75×150 LPRM
7 Chloride Diffusion Cylinder 75×150 ASTM C 1556 81
Total Number of Specimens 738
3.4.2 Splitting Tensile Strength
Splitting tensile strength specimens were 75 mm by 150 mm concrete cylinders. The
test was conducted according to ASTM C 496 on 28-day cured specimens. The spec-
imens were tested using an automatic compressive testing machine of hydraulic type,
shown in Figure 3.4. Compressive loading was applied at a constant rate of 0.4 kN/s
through narrow bearing strips, complying with the provisions of ASTM C 496, until
the specimen failed by splitting. The splitting load (kN) was recorded for each of 3
samples representing each mix.
The splitting tensile strength was determined using the formula in the Section 8.1
of ASTM C 496M – 04, given by:
T = 2P
pild
(3.9)
where:
T = splitting tensile strength, MPa,
P = maximum applied load indicated by the testing machine, N,
l = specimen length, mm, and
d = specimen diameter, mm.
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Figure 3.4: Test arrangement for splitting tensile strength.
For each mix, the average of 3 specimens was recorded as the splitting tensile
strength of that concrete mix.
3.4.3 Modulus of Elasticity
The modulus of elasticity or Young’s modulus of a material is an important mechanical
property that affects the deformation characteristics under a given state of stress. A
material with a low Young’s modulus shows more deformation than the one with a
higher modulus, even if they have the same strength.
For the determination of Young’s (chord) modulus for the HPNSG specimens,
75 mm × 100 mm concrete cylinder specimens were used. The test was conducted
according to ASTM C 469 on 28-day cured specimens. The specimens were tested
using the same automatic testing machine used in compressive and tensile strength
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tests. Compressive loading was applied at a constant rate of 0.5 kN/s at the ends of
the specimen, via a load cell, until it failed.
Figure 3.5 shows the test arrangement. The arrangement consisted of a cylindrical
sample clamped in 2 circular steel frames, perfectly aligned and bearing 2 LVDTs
on opposite sides, such that any compressive strain applied at the ends of the test
specimen is picked up by the LVDTs. The linear deformations captured by the LVDTs
and the load sensed by the load cell are recorded by a data logger. The load and
linear deformation data were copied from the logger for stress-strain curves plotting
and calculation of chord modulus, using the formula in the Section 7.1 of ASTM C
469M – 04, given by:
E = S2 − S1
2 − 0.000050 (3.10)
where:
E = Chord modulus of elasticity, MPa,
S2= Stress corresponding to 40% of ultimate load,
S1= Stress corresponding to a longitudinal strain, 1, of 50 millionths,
MPa, and
2= Longitudinal strain produced by stress S2.
For each mix, the average of three specimens’ modulus of elasticity was recorded
as the modulus of elasticity of that grout mixture.
3.4.4 Drying Shrinkage
Shrinkage is the reduction in the volume of concrete caused mainly by the loss of water
due to evaporation from a freshly-hardened concrete exposed to air. Shrinkage may
result in cracking of restrained concrete members. A total of three HPNSG prismatic
specimens of 25×25×285 mm were prepared for each mix for determining the drying
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Figure 3.5: Test arrangement for determining the modulus of elasticity.
shrinkage according to ASTM C 157 [111]. Three specimens were tested and their
average values were reported. A setup consisting of a stand fitted with an LVDT
connected to a data logger was used, as shown in Figure 3.6.
3.4.5 Corrosion Measurement
The corrosion resistance of specimens was evaluated by exposing them to a 5% sodium
chloride solution. Reinforced grout specimens, measuring 75 mm in diameter and 150
mm high, were prepared with a 12 mm diameter steel bar placed at the center. A
cover of 25 mm was provided at the bottom. The reinforcing steel bars were coated
with cement paste followed by an epoxy coating at the bottom of the bar and at the
concrete-air interface to avoid crevice corrosion. Figure 3.7 shows the schematic view
of the reinforced HPNSG specimen.
Reinforcement corrosion was monitored by measuring the corrosion potentials, accord-
ing to ASTM C 876 [112] and the corrosion current density by the linear polarization
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Figure 3.6: Setup for measuring drying shrinkage.
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resistance method (LRPM) [113]. The corrosion potential measurements were con-
ducted at regular intervals.
Figure 3.7: Schematic diagram of reinforced grout specimen used in corrosion mea-
surement (Dimensions in mm).
Corrosion potentials
The corrosion potentials were measured using a saturated calomel reference electrode
(SCE). The electrical lead from the reference electrode was connected to the positive
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terminal of a high impedance digital voltmeter while the steel bar in the concrete
specimen was connected to its negative terminal. Figure 3.8 shows a set of specimens
for corrosion measurements.
Though it is generally accepted that corrosion potential measurements must be com-
plemented by other methods [114], reliable relationships between potential and corro-
sion rate can be found in the laboratory for well established conditions [115]. These
relationships can in no way be generalized, since wide variations in the corrosion rate
are possible in a very narrow range of potentials [116]. The criteria for potential is
presented in next chapter at Section 4.6.
Figure 3.8: Corrosion potential measurement setup.
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Corrosion current density
The three electrode method was utilized to measure the resistance to polarization
(Rp) using a Potentiostat/Galvanostat. The steel rod was connected to the working
electrode terminal while a steel plate and a reference electrode were connected to the
counter and reference electrode terminals of the Potentiostat/Galvanostat, respec-
tively. The setup is shown in Figure 3.9 and Figure 3.10.
The steel was polarized to ± 10 mV of the corrosion potential at a rate of 3 mV/min
and the resulting current between the counter and working electrode was measured.
Rp was determined as the slope of the current-potential curve. Corrosion current
density (Icorr) was evaluated using the following relationship [117]:
Icorr =
B
Rp
(3.11)
where:
Icorr = Corrosion current density, µA/cm2
Rp = Resistance to polarization, ∆E∆I , Ω.cm
2
B = βa×βc2.3(βa + βc) (3.12)
where:
βa and βc are the anodic and cathodic Tafel constants, mV/decade, re-
spectively.
The Tafel constants are normally obtained by polarizing the steel to ± 250 mV
of the corrosion potential (Tafel plot). However, in the absence of sufficient data on
βa and βc, a value of B equal to 26 mV for steel in active condition and 52 mV for
steel in passive condition is often used [118]. Lambert et al [119, 120] have reported
a good correlation between the corrosion rates determined using these values and the
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gravimetric weight loss method.
Figure 3.9: Corrosion potential measurement setup.
Figure 3.10: Pictorial view of the electrodes.
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3.4.6 Chloride Diffusion
The chloride diffusion tests were performed following ASTM C1556 test method. The
specimens were cured for 28 days, then coated with epoxy (except one side of the
cylinder, as shown in Figure 3.11) and, thereafter, exposed to 5% sodium chloride
solution for five months. Slices of 5 mm thickness (see Figure 3.12) were obtained
at five (5) different depths (0-5, 10-15, 25-30, 75-80, and 95-100 mm) by cutting the
cores using concrete cutting machine. The depths at which the cores were sliced to
obtain chloride profile are given in Table 3.15.
Table 3.15: Depth of slices for chloride profile.
Slice No. Depth fromsurface (mm)
Average depth
for analysis (mm)
1 0-5 2.5
2 10-15 12.5
3 25-30 27.5
4 75-80 77.5
5 95-100 97.5
The procedure for finding the water soluble (free) chloride concentration is given
below:
1. 5 g of powdered sample was taken into the beaker.
2. 50 ml of hot distilled water (105 ◦C) was added and the mixture was thoroughly
stirred and left for 24 hours for the digestion of chloride.
3. The solution was filtered into the flask and the filtrate was made to 100 ml by
adding distilled water, as shown in Figure 3.13.
4. 0.2 ml of the solution was taken through micro-pipette and 9.8 ml of distilled
water was added into it for making it 10 ml.
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5. After that, 2 ml each of 0.25 M ferric ammonium sulfate and mercuric thio-
cyanate was added into that 10 ml solution.
6. Solution was gently shaken and was taken into the a test tube.
7. The test tube was placed into the spectro-photometer (set at 460 nm wave
length) and the absorbance value was measured.
8. Finally, the free chloride concentration was calculated using chloride calibration
curve.
Figure 3.11: Specimen after coating.
47
Figure 3.12: Slice, 75 mm diameter and 5 mm thickness.
Figure 3.13: Samples left for filtration after digestion of chlorides.
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CHAPTER 4
RESULTS AND DISCUSSION
In this chapter, the results of the experimental work were presented and discussed.
For simplicity and clarity of presentation, the results are presented under individually
devoted sections.
4.1 COMPRESSIVE STRENGTH FOR TRIALMIX-
TURES
For each trial mix, the flow result from flow table test and the compressive strength
at 3 and 7 days of curing will be reported as averages of three specimens prepared
from each mix. For the codes used, the code has three segments, the first is the
name of replacement material, the second is the percentage of replacement, and the
third is the percentage of expansive material. For example, “SF-10-0.25” means the
replacement material is silica fume, with 10% replacement of cement and 0.25% of
expansive material to total powder.
Table 4.1 shows the summary of flow and compressive strengths for the trial mixes.
For all the six mixes of silica fume, the compressive strength for 7 days was increased
with increasing percentage of SF, and it was higher than that of the control mix,
hence, all the three percentages of SF (5%, 10% and 15%) were selected for the final
mixes for detailed evaluation.
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Table 4.1: Flow and compressive strengths for the trial mixes.
Trial Mix ID Flow (cm) Compressive Strength (MPa)3 days 7 days
TM1-Ctrl-0-0 24.6 33.9 39.3
TM2-SF-5-0 24.1 39.1 42.1
TM3-SF-5-0.3 23.2 33.8 38.5
TM4-SF-10-0 24.3 40.2 46.3
TM5-SF-10-0.3 24.0 39.6 43.6
TM6-SF-15-0 22.8 41.3 46.8
TM7-SF-15-0.3 23.4 39.9 44.8
TM8-LSP-10-0 23.7 31.8 36.7
TM9-LSP-10-0.3 23.5 30.4 35.6
TM10-LSP-20-0 24.1 31.3 35.2
TM11-LSP-20-0.3 22.9 30.9 35.0
TM12-LSP-30-0 22.7 23.8 27.5
TM13-LSP-30-0.3 23.4 20.5 22.3
TM14-NP-20-0 22.8 43.7 48.1
TM15-NP-20-0.3 23.1 38.2 44.3
TM16-NP-30-0 23.8 31.2 36.4
TM17-NP-30-0.3 22.7 25.7 28.5
TM18-MK-10-0 23.2 56.1 60.8
TM19-MK-10-0.3 22.1 47.5 52.3
TM20-MK-15-0 24.5 59.1 62.9
TM21-MK-15-0.3 23.8 49.8 55.7
TM22-MK-20-0 24.4 43.3 45.9
TM23-MK-20-0.3 23.6 37.9 39.9
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For the mixes containing limestone powder, with 10% and 20%, the compressive
strength for 7 days without any expansive agent was close to the control mix (36.7
and 35.0 compared to 39.3 MPa for the control mix). But, when the replacement
percentage reached 30%, there was big drop in compressive strength (27.5 MPa).
Hence, the mix with 30% LSP was ignored, and only 10% and 20% had been selected
for detailed evaluation.
In the case of the mixes containing natural pozzolan, for 30% replacement by NP
and 0.3% of expansive agent, the compressive strength was 28.5 MPa, while it was 44.3
MPa for same percentage of expansive agent and 20% of NP replacement. Therefore,
only the 20% replacement had been selected for full investigation.
Finally, for the mixes containing metakaolin, the compressive strength kept in-
creasing with more metakaolin as replacement, until it reached 20%, thereafter, the
compressive strength dropped. Therefore, the 20% of metakaolin as replacement had
been ignored, and both 10% and 20% had been chosen for detailed evaluation.
4.2 COMPRESSIVE STRENGTH
For each mix, the compressive strength at 3, 7, 14 and 28 days of curing are reported
in this section.
4.2.1 Control Mix and Commercial Grouts
Table 4.2 summarizes the results of compressive strength for the control mix and
commercial grouts. Figure 4.1 shows a schematic presentation of the compressive
strength evolution with curing times, plotted from the values in Table 4.2.
Table 4.2 and Figure 4.1 show that both types of commercial grout used in this
study reached nearly 94% of their strength in first week, while the control mix reached
only 70.8% of strength at this early period (the rate of hydration was very high in both
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commercial grouts at early stage). However, at 28 days, the control mix had a value
nearly equal to 90% of Sika® grout-214 and 87% of Fosroc® GP grout. These data
indicate that the two commercial grouts tend to develop their compressive strength
at the early period (i.e., within 7 days), while the control mix continues to develop its
compressive strength even after 28 days of curing.
Table 4.2: Compressive strength of the control mix and commercial grouts.
Mix ID Compressive Strength (MPa)3 days 7 days 14 days 28 days
M1-Ctrl-0-0 32.5 38.7 45.9 54.6
M26-Sika 214 52.0 56.5 58.2 60.1
M27-Fosroc Conbextra GP 53.0 59.4 61.3 63.1
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Figure 4.1: Compressive strength of control mix and commercial grouts.
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4.2.2 Mixes Containing SF
Table 4.3 shows the summary of compressive strengths for the SF mixes. Figures 4.2,
4.3 and 4.4 display the compressive strength evolution with curing time, plotted from
the values in Table 4.3 for the mixes containing SF.
Table 4.3: Compressive strength of HPNSG with SF.
Mix ID Compressive Strength (MPa)3 days 7 days 14 days 28 days
M1-Ctrl-0-0 32.5 38.7 45.9 54.6
M2-SF-5-0 38.8 41.8 50.7 59.1
M3-SF-5-0.25 34.5 39.7 48.2 56.4
M4-SF-5-0.5 33.2 35.4 45.7 53.7
M5-SF-10-0 39.9 45.6 52.4 60.4
M6-SF-10-0.25 40.6 43.6 49.7 56.5
M7-SF-10-0.5 37.2 41.2 46.8 54.1
M8-SF-15-0 38.1 45.9 61.2 64.5
M9-SF-15-0.25 37.9 44.8 53.1 60.5
M10-SF-15-0.5 35.5 39.4 50.2 58.7
From the data in these figures, almost all the mixes containing SF had strength
greater than the control mix at almost all the curing periods. Generally, with in-
creasing the percentage of replacement of SF, the strength slightly increased, which
indicates that silica fume is not only highly pozzolanic, but its pozzolanic reaction is
fast [121–124].
The concomitant addition of expansive material to SF seems to have a negative
effect on strength because there was reduction in compressive strength that reached
10% with increase in expansive agent of 0.5% for M10.
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Figure 4.2: Compressive strength of HPNSG with 5% SF.
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Figure 4.3: Compressive strength of HPNSG with 10% SF.
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Figure 4.4: Compressive strength of HPNSG with 15% SF.
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Figure 4.5: % Compressive Strength at age 28 days of SF to Fosroc Conbextra GP .
After a curing period of 28 days, the strength of SF mixes, as compared to the
highest commercial grout compressive strength (which was Fosroc® Conbextra GP
grout), is shown in Figure 4.5. It is clear from the data in this figure that the strength
ratio at an age 28 days between SF mixes and Fosroc ranges from 85% to 102%.
55
Moreover, the strength of SF mixes was lower than Fosroc Conbextra GP grout except
when SF replacement was 15% with 0% of expansive agent.
4.2.3 Mixes Containing LSP
Table 4.4 presents the summary of a compressive strength for the LSP mixes. Figures
4.6 and 4.7 show graphs of compressive strength evolution with curing time, plotted
from the values in Table 4.4, for the mixes containing LSP. As can be seen from the
data in Figures 4.6 and 4.7, all the mixes in this category had compressive strength at
all ages lower than that of the control mix. Also the comressive strength went down
with increasing the expansive agent, indicating that the negative influence of expansive
material on compressive strength was noticeable. The compressive strength slightly
decreased with increasing the percentage of LSP as replacement. Also, the rate of
hardening was reduced with increasing the percentage of LSP from 10% to 20%. This
can be attributed to the fact that LSP does not possess pozzolanic property [125,126],
in addition to the negative dilution effect [127].
Table 4.4: Compressive strength of HPNSG with LSP.
Mix ID Compressive Strength (MPa)3 days 7 days 14 days 28 days
M1-Ctrl-0-0 32.5 38.7 45.9 54.6
M11-LSP-10-0 31.5 37.9 43.2 53.7
M12-LSP-10-0.25 30.3 36.4 41.6 51.5
M13-LSP-10-0.5 29.9 34.2 39.8 49.8
M14-LSP-20-0 31.1 36.8 41.6 51.3
M15-LSP-20-0.25 29.4 36.6 44.4 50.2
M16-LSP-20-0.5 30.2 33.2 38.6 48.3
The strength at 28 days for LSP mixes as compared to Fosroc Conbextra GP grout
is presented in Figure 4.8. It is clear from the data in this figure that all LSP had
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strength lower than Fosroc’s grout, which was between 76% up to 85%.
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Figure 4.6: Compressive strength of HPNSG with 10% LSP.
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Figure 4.7: Compressive strength of HPNSG with 20% LSP.
57
85 8182 8079 76
0
20
40
60
80
100
120
LSP‐10% LSP‐20%
%
  C
o m
p r
e s
s i
v e
  S
t r
e n
g t
h  
 
Exp. Mat. 0%
Exp. Mat. 0.25%
Exp. Mat. 0.5%
Figure 4.8: % Compressive Strength at age 28 days of LSP to Fosroc Conbextra GP.
4.2.4 Mixes Containing NP
Table 4.5 summarizes the result of compressive strengths for the NP mixes. Figure
4.9 shows the graph of compressive strength evolution with curing times, plotted from
values in Table 4.5 for the mixes containing NP. As can be seen from the data in
Figure 4.9, all the mixes that contained NP had strength below the control mix at
all ages. There was a big gap at early age, but that gap got smaller at 28 days. For
example, M17 and the control mix were almost equal to each other (54.6 and 51.2
MPa for the control mix and M17, respectively).
It can be noted that the strength went down with the increase in expansive material
whereby the difference in strength between 0% and 0.5% of expansive material was
about 11.3% at age of 28 days. Further, as previous reports indicated that NP has slow
pozzolanic activity [128, 129], as was noted in this investigation. The ratio between
the strength at 28 days and that at 3 days is 2.94, 2.95 and 2.89 for M17, M18 and
M19, respectively.
The strength at 28 days for NP mixes as compared to Fosroc Conbextra GP grout
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is reported in Fig. 4.10. All mixes had compresive strength lower than that of Fosroc
grout, the ratio between NP mixes and Fosroc grout being 81%, 77% and 72% for
M17, M18 and, M19, respectively.
Table 4.5: Compressive strength of HPNSG with NP.
Mix ID Compressive Strength (MPa)3 days 7 days 14 days 28 days
M1-Ctrl-0-0 32.5 38.7 45.9 54.6
M17-NP-20-0 17.4 28.8 39.9 51.2
M18-NP-20-0.25 16.5 27.4 37.5 48.6
M19-NP-20-0.5 15.7 25.3 35.6 45.4
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Figure 4.9: Compressive strength of HPNSG with 20% NP.
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Figure 4.10: % Compressive Strength at age 28 days of NP to Fosroc Conbextra
GP.
4.2.5 Mixes Containing MK
Table 4.6 shows the summary of compressive strength for the MK mixes. Figure 4.11
shows a schematic presentation of compressive strength evolution with curing time,
plotted from values in Table 4.6 for the mixes containing MK.
Table 4.6: Compressive strength of HPNSG with MK.
Mix ID Compressive Strength (MPa)3 days 7 days 14 days 28 days
M1-Ctrl-0-0 32.5 38.7 45.9 54.6
M20-MK-10-0 55.9 60.2 63.3 67.5
M21-MK -10-0.25 44.0 49.8 55.7 63.2
M22-MK -10-0.5 41.3 45.5 52.6 58.5
M23-MK -15-0 59.9 63.2 69.5 73.5
M24-MK -15-0.25 49.2 54.3 62.5 67.9
M25-MK -15-0.5 42.5 46.7 53.4 59.5
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It can be noticed that the mixes with MK achieved high strength; all six mixes
had strength higher than the control mix. The highest strength was attained by the
mix containing 20% MK and 0% of expansive material with a strength of 73.5 MPa.
With increasing the expansive material, the strength declined. It is also clear that the
strength went up when MK as replacement increased from 10% to 15%.
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Figure 4.11: Compressive strength of HPNSG with 10% MK.
The strength at 28 days for MK mixes, as compared to Fosroc Conbextra GP
grout, was reported in Figure 4.13. As shown in this figure, the four MK mixes
had strength higher than Fosroc grout, the other two mixes containing high values of
expansive material, M22 and M25, had slightly smaller strength compared to Fosroc®
Conbextra grout. However, from the data in Figures 4.11 and 4.12, it can be shown
that the strength was still developing with time, while for Fosroc the strength curve
was almost flat at 28 days, as shown Figures 4.1.
The high pozzolanic activity of MK has been reported in the literature [63, 130–
133]. It tends to improve both the mechanical and durability properties of concrete,
though its performance is determined by the kaolinitic purity level of the source clay.
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Figure 4.12: Compressive strength of HPNSG with 15% MK.
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Figure 4.13: % Compressive Strength at age 28 days of MK to Fosroc Conbextra
GP .
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4.2.6 Summary of Compressive Strength for all Mixes
Table 4.7 summarizes the results of compressive strength for all mixes in this study.
It can be noted that the commercial grouts and Mix No. 23 (M23-MK-15-0) had the
highest early strength after 3 days of curing. Further, Mix No. 23 had also the highest
compressive strength after 28 days of curing. Lastly, the data in this table clarifies
the negative role of expansive agent for all the additives used in this investigation.
Table 4.7: Compressive strength of all mixes in this study.
Mix ID Compressive Strength (MPa)3 days 7 days 14 days 28 days
M1-Ctrl-0-0 32.5 38.7 45.9 54.6
M2-SF-5-0 38.8 41.8 50.7 59.1
M3-SF-5-0.25 34.5 39.7 48.2 56.4
M4-SF-5-0.5 33.2 35.4 45.7 53.7
M5-SF-10-0 39.9 45.6 52.4 60.4
M6-SF-10-0.25 40.6 43.6 49.7 56.5
M7-SF-10-0.5 37.2 41.2 46.8 54.1
M8-SF-15-0 38.1 45.9 61.2 64.5
M9-SF-15-0.25 37.9 44.8 53.1 60.5
M10-SF-15-0.5 35.5 39.4 50.2 58.7
M11-LSP-10-0 31.5 37.9 43.2 53.7
M12-LSP-10-0.25 30.3 36.4 41.6 51.5
M13-LSP-10-0.5 29.9 34.2 39.8 49.8
M14-LSP-20-0 31.1 36.8 41.6 51.3
M15-LSP-20-0.25 29.4 36.6 44.4 50.2
M16-LSP-20-0.5 30.2 33.2 38.6 48.3
M17-NP-20-0 17.4 28.8 39.9 51.2
M18-NP-20-0.25 16.5 27.4 37.5 48.6
M19-NP-20-0.5 15.7 25.3 35.6 45.4
M20-MK-10-0 55.9 60.2 63.3 67.5
M21-MK-10-0.25 44.0 49.8 55.7 63.2
M22-MK-10-0.5 41.3 45.5 52.6 58.5
M23-MK-15-0 59.9 63.2 69.5 73.5
M24-MK-15-0.25 49.2 54.3 62.5 67.9
M25-MK-15-0.5 42.5 46.7 53.4 59.5
M26-Sika® grout-214 52.0 56.5 58.2 60.1
M27-Fosroc® Conbextra GP 53.0 59.4 61.3 63.1
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4.3 SPLITTING TENSILE STRENGTH
The tensile strength of concrete is usually assessed by the splitting cylinder test in
accordance with ASTM C 496.
4.3.1 Control Mix and Commercial Grouts
Table 4.8 shows the average of 28-day splitting tensile strength values (fst) for the
control mix and the two commercial grouts used in the study. It is clear from the
data in this table that both the control mix and the commercial grouts had very close
tensile strength in a way similar to their compressive strength (see Figure 4.1).
Table 4.8: Split tensile strength of control mix and commercial grouts.
Mix ID Splitting Tensile Strength (MPa)
M1-Ctrl-0-0 3.7
M26-Sika® 214 4.1
M27-Fosroc® Conbextra GP 3.9
4.3.2 Mixes Containing SF
Table 4.9 summarizes the average of 28-day splitting tensile strength values (fst) for
all SF mixtures. For all the nine SF mixes, the splitting tensile strength was higher
than the control mix (except M4 and M7), because of their high compressive strength
for silica fume mixes. M4 and M7 had slightly less tensile strength probably due to
the high dosage of expansive material (0.5%).
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Table 4.9: Split tensile strength of HPNSG with SF.
Mix ID Splitting Tensile Strength (MPa)
M1-Ctrl-0-0 3.7
M2-SF-5-0 3.9
M3-SF-5-0.25 3.7
M4-SF-5-0.5 3.5
M5-SF-10-0 3.9
M6-SF-10-0.25 3.7
M7-SF-10-0.5 3.6
M8-SF-15-0 4.1
M9-SF-15-0.25 4.0
M10-SF-15-0.5 3.9
4.3.3 Mixes Containing LSP
Table 4.10 summarizes the average splitting tensile strength values (fst) for all LSP
mixtures. The values of splitting tensile strength for both the control mix and LSP
mixes were very closed to each other and ranged between 3.4 to 3.7 MPa. Again, the
mixes that contained the highest dosages of expansive agent exhibited the least tensile
strength.
Table 4.10: Split tensile strength of HPNSG with LSP.
Mix ID Splitting Tensile Strength (MPa)
M1-Ctrl-0-0 3.7
M11-LSP-10-0 3.7
M12-LSP-10-0.25 3.5
M13-LSP-10-0.5 3.4
M14-LSP-20-0 3.5
M15-LSP-20-0.25 3.5
M16-LSP-20-0.5 3.4
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4.3.4 Mixes Containing NP
Table 4.11 shows the average of 28-day splitting tensile strength values (fst) for all
NP mixtures. The values of splitting tensile strength of all NP mixes were less than
that of the control mix value. This inferior performance could be attributed to the
low pozzolanic activity of NP.
Table 4.11: Split tensile strength of HPNSG with NP.
Mix ID Splitting Tensile Strength (MPa)
M1-Ctrl-0-0 3.7
M17-NP-20-0 3.5
M18-NP-20-0.25 3.3
M19-NP-20-0.5 3.2
4.3.5 Mixes Containing MK
Table 4.12 shows the average of 28-day splitting tensile strength values (fst) for all
MK mixtures. The mixes containing MK had splitting tensile strength higher than
the control mix in a way similar to the results of compressive strength. Again, the
MK mixes containing high dosages of expansive agent had the lowest splitting tensile
strength.
Table 4.12: Split tensile strength of HPNSG with MK.
Mix ID Splitting Tensile Strength (MPa)
M1-Ctrl-0-0 3.7
M20-MK-10-0 4.4
M21-MK-10-0.25 4.3
M22-MK-10-0.5 3.9
M23-MK-15-0 4.8
M24-MK-15-0.25 4.3
M25-MK-15-0.5 4.0
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4.3.6 Summary of Splitting Tensile Strength for all Mixes
Table 4.13 summarizes the results of splitting tensile strength for all mixes in this
study. It can be noted that Mix No. 23 (M23-MK-15-0) had the highest splitting
tensile strength after 28 days of curing (4.4 MPa), while the lowest value for splitting
tensile strength was 3.2 MPa for the Mix No. 19 (M19-NP-20-0.5). Lastly, the data
in this table clarifies the negative role of expansive agent for all the additives used in
this investigation.
4.3.7 Model for the Splitting Tensile Strength
There are several empirical formulations for correlating the splitting tensile strength
(fst) with the compressive strength (f′c); and most researchers achieved the expression
of the type [134]:
fst = k(f ′c)
n (4.1)
where:
fst = splitting tensile strength, MPa,
f′c = compressive strengths, MPa,
k, n = coefficient can be obtained from the regression analysis.
The “n” value is generally within the range of 0.50 to 0.75 for concrete [134]. The
existing expressions for estimating splitting tensile strength, as suggested by ACI [135],
and CEB-FIB [136], are given below, respectively.
fst = 0.59(f ′c)
0.5 (4.2)
fst = 0.301(f ′c)
0.67 (4.3)
67
Table 4.13: Split tensile strength of all mixes in this study.
Mix ID Splitting Tensile Strength (MPa)
M1-Ctrl-0-0 3.7
M2-SF-5-0 3.9
M3-SF-5-0.25 3.7
M4-SF-5-0.5 3.5
M5-SF-10-0 3.9
M6-SF-10-0.25 3.7
M7-SF-10-0.5 3.6
M8-SF-15-0 4.1
M9-SF-15-0.25 4.0
M10-SF-15-0.5 3.9
M11-LSP-10-0 3.7
M12-LSP-10-0.25 3.5
M13-LSP-10-0.5 3.4
M14-LSP-20-0 3.5
M15-LSP-20-0.25 3.5
M16-LSP-20-0.5 3.4
M17-NP-20-0 3.5
M18-NP-20-0.25 3.3
M19-NP-20-0.5 3.2
M20-MK-10-0 4.4
M21-MK-10-0.25 4.3
M22-MK-10-0.5 3.9
M23-MK-15-0 4.8
M24-MK-15-0.25 4.3
M25-MK-15-0.5 4.0
M26-Sika® 214 4.1
M27-Fosroc® Conbextra GP 3.9
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Figure 4.14 shows the relationship between the splitting tensile and compressive
strengths of all the grouts tested at 28 days. For comparison, Equations 4.2 and 4.3
are also included in the diagram. It was observed that there was a considerably high
relationship between the splitting tensile and compressive strengths of the grout so
that a regression analysis provided a correlation coefficient (R2) of 0.95. Within the
strength range of this study, both ACI and CEB-FIB models appeared to be well
close to each other but provided relatively higher predictions. From the the regression
analysis, the relationship between fst and f′c for the developed grout in this study can
expressed as following:
fst = 0.145(f ′c)
0.81 (4.4)
y = 0.1452x0.81
R² = 0.954
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Figure 4.14: Relationship between compressive strength and splitting tensile
strength.
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4.4 MODULUS OF ELASTICITY
Tables 4.14 through 4.18 list the average values of modulus of elasticity after water-
curing the grout specimens for 28 days.
4.4.1 Control Mix and Commercial Grouts
Table 4.14 shows the average of 28 day modulus of elasticity (Ec) for the control mix
and the two commercial grouts. The modulus of elasticity for the control mix was
higher than Fosroc® Conbextra GP (23.2 and 28.4 GPa for Fosroc® Conbextra grout
and the control mix, respectively) and lower than Sika® grout-214 (33.9 GPa).
Table 4.14: Modulus of elasticity of control mix and commercial grouts.
Mix ID Modulus of Elasticity (GPa)
M1-Ctrl-0-0 28.4
M26-Sika Grout®-214 33.9
M27-Fosroc® Conbextra GP 23.2
4.4.2 Mixes Containing SF
Table 4.15 shows the average 28-day modulus of elasticity (Ec) for SF mixtures. The
table shows that all the mixes of silica fume had modulus of elasticity marginally
higher than that of the control mix, which could be attributed to the fact that silica
fume mixes had higher compressive strength than the control mix. Furthermore, it
could be easily noted that the increase in the dosage of expansive agent tended to
slightly decrease the modulus of elasticity of all SF mixes.
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Table 4.15: Modulus of elasticity of HPNSG with SF.
Mix ID Modulus of Elasticity (GPa)
M1-Ctrl-0-0 28.4
M2-SF-5-0 31.1
M3-SF-5-0.25 29.9
M4-SF-5-0.5 28.4
M5-SF-10-0 31.0
M6-SF-10-0.25 30.1
M7-SF-10-0.5 29.0
M8-SF-15-0 32.9
M9-SF-15-0.25 32.5
M10-SF-15-0.5 31.0
4.4.3 Mixes Containing LSP
Table 4.16 shows the average 28-day modulus of elasticity (Ec) for LSP mixtures. All
the values of modulus of elasticity for LSP was lower than that of the control mix
except mix M11, that was a little bit more than the control mix value because it
had 0% of expansive material and 10% of LSP as replacement. However, when the
percentage of LSP as replacement for the cement increased, the modulus of elasticity
tended to decrease in a way similar to the compressive strength.
Table 4.16: Modulus of elasticity of HPNSG with LSP.
Mix ID Modulus of Elasticity (GPa)
M1-Ctrl-0-0 28.4
M11-LSP-10-0 28.5
M12-LSP-10-0.25 27.8
M13-LSP-10-0.5 26.8
M14-LSP-20-0 27.6
M15-LSP-20-0.25 27.0
M16-LSP-20-0.5 26.6
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4.4.4 Mixes Containing NP
Table 4.17 shows the average of 28-day modulus of elasticity (Ec) for NP mixtures.
The modulus of elasticity for all NP mixes was less than that of the control mix
value. Moreover, the modulus of elasticity tended to decrease with the increase of the
expansive agent.
Table 4.17: Modulus of elasticity of HPNSG with NP.
Mix ID Modulus of Elasticity (GPa)
M1-Ctrl-0-0 28.4
M17-NP-20-0 27.6
M18-NP-20-0.25 26.9
M19-NP-20-0.5 25.8
4.4.5 Mixes Containing MK
Table 4.18 summarizes the average of 28-day modulus of elasticity (Ec) for MK mix-
tures. All the six mixes cotaining MK had modulus of elasticity greater than the
control mix. Further, the values of modulus of elasticity were declined with increasing
the percentage of expansive agent. These finding are exactly similar to the results of
the compressive and tensile strengths.
Table 4.18: Modulus of elasticity of HPNSG with MK.
Mix ID Modulus of Elasticity (GPa)
M1-Ctrl-0-0 28.4
M20-MK-10-0 33.7
M21-MK-10-0.25 31.7
M22-MK-10-0.5 29.9
M23-MK-15-0 34.7
M24-MK-15-0.25 34.1
M25-MK-15-0.5 30.2
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4.4.6 Summary of Modulus of Elasticity for all Mixes
Table 4.19 summarizes the results of modulus of elasticity for all mixes in this study.
The data in this table do match with those in Tables 4.7 and 4.13 in terms of the role
of the additive type (i.e., SF, LSP, NP or MK) and the role of expansive agent.
Table 4.19: Modulus of elasticity of HPNSG with MK.
Mix ID Modulus of Elasticity (GPa)
M1-Ctrl-0-0 28.4
M2-SF-5-0 31.1
M3-SF-5-0.25 29.9
M4-SF-5-0.5 28.4
M5-SF-10-0 31.0
M6-SF-10-0.25 30.1
M7-SF-10-0.5 29.0
M8-SF-15-0 32.9
M9-SF-15-0.25 32.5
M10-SF-15-0.5 31.0
M11-LSP-10-0 28.5
M12-LSP-10-0.25 27.8
M13-LSP-10-0.5 26.8
M14-LSP-20-0 27.6
M15-LSP-20-0.25 27.0
M16-LSP-20-0.5 26.6
M17-NP-20-0 27.6
M18-NP-20-0.25 26.9
M19-NP-20-0.5 25.8
M20-MK-10-0 33.7
M21-MK-10-0.25 31.7
M22-MK-10-0.5 29.9
M23-MK-15-0 34.7
M24-MK-15-0.25 34.1
M25-MK-15-0.5 30.2
M26-Sika Grout®-214 33.9
M27-Fosroc® Conbextra GP 23.2
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4.4.7 Model for the Modulus of Elasticity
There are several empirical formulations for evaluating modulus of elasticity (Ec) and
compressive strength f′c. For the normal concrete, Equations 4.5 and 4.6 proposed by
ACI [137] and CEB-FIB [136], are given below, respectively.
Ec = 4.7(f ′c)
0.5 (4.5)
Ec = 21.5(
f ′c
10)
1
3 (4.6)
where:
Ec = Modulus of elasticity, GPa,
f′c = compressive strengths, MPa.
Figure 4.15 shows the observed relationship between the modulus of elasticity and
compressive strengths of the grouts tested at 28 days (the two commercial grouts was
not included in regression). For comparison, Equations 4.5 and 4.6 are also included
in the diagram.
It could be noted that there was a relationship between the modulus of elasticity
and compressive strength of the grouts so that a regression analysis provided a high
correlation coefficient (R2) of 0.96. The prediction of ACI and CEB-FIB models were
included in Figure 4.15 and they are in the higher side compared with the measured
values. From the the regression analysis, the relationship between Ec and f′c for the
developed grouts in this study can expressed as follows:
Ec = 1.75(f ′c)
0.702 (4.7)
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y = 1.750x0.702
R² = 0.963
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Figure 4.15: Relationship between compressive strength and modulus of elasticity.
4.5 DRYING SHRINKAGE
The drying shrinkage of all the grouts was measured over a period of about 260 days
for all the mixtures using prism specimens of dimensions 25×25×285 mm after 28
days of water curing.
4.5.1 Control Mix and Commercial Grouts
Table 4.20 summarizes the average drying shrinkage values for both the commercial
grouts and control mix, while Figure 4.16 shows the graph of drying shrinkage, taken
at different times, and plotted from values in Table 4.20.
As can be seen in Figure 4.16, Fosroc grout exhibited the least shrinkage values at
early stage, compared with Sika grout and control mix. After first week, Fosroc grout
had only 27% of its final shrinkage (drying shrinkage at 259 days), whereas Sika and
the control mix reached 51 and 48%, respectively, after the same period. However,
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Table 4.20: Average drying shrinkage of control mix and commercial grouts.
Duration
(days)
Drying Shrinkage (microns)
M1-Ctrl-0-0 Sika® Grout-214 Fosroc® Conbextra GP
0 0 0 0
1 116 85 45
3 280 253 154
7 240 303 174
14 265 339 339
28 376 412 442
42 387 446 504
56 400 499 553
70 419 515 577
84 432 525 592
105 463 556 611
126 485 577 623
147 488 588 632
203 491 592 635
259 497 596 637
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Figure 4.16: Drying shrinkage of the control mix and commercial grouts.
76
after 28 days, both commercial products had almost the same shrinkage percentage
of 69%, while control mix reached 76% of their ultimate shrinkage.
The control mix had shrinkage much lower than both commercial grouts. As
percentage from final shrinkage (shrinkage at 259 days), the control mix had shrinkage
less by 20% from Sika® grout-214, and 28% from Fosroc® Conbextra GP. The drying
shrinkage in the control mix was low compared with the commercial grouts which
could be attributed to the presence of aggregate in the control mix. As it is well
documented, aggregates tend to decrease the shrinkable volume in paste and work
like internal support between paste [24,88,102,138].
4.5.2 Mixes Containing SF
Table 4.21 summarizes the average numerical drying shrinkage values for all SF mixes.
Figures 4.17 to 4.19 show the schematic presentation of drying shrinkage, taken at
different times, plotted from the values in Table 4.21 for the mixes containing SF.
Table 4.21: Average drying shrinkage of HPNSG with SF and the control mix.
Duration
(days)
Drying Shrinkage (microns)
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
0 0 0 0 0 0 0 0 0 0 0
1 116 75 22 41 103 20 17 57 143 60
3 280 200 67 62 130 230 121 250 192 113
7 240 250 82 145 236 178 166 336 235 119
14 265 266 182 183 336 192 180 387 281 136
28 376 378 246 226 367 300 280 430 293 219
42 387 416 274 233 447 312 312 431 303 261
56 400 425 279 247 449 328 320 438 329 330
70 419 442 282 254 476 340 336 467 364 364
84 432 452 293 259 497 345 339 502 383 365
105 463 462 307 289 521 363 355 526 387 380
126 485 487 312 299 537 374 367 542 391 384
147 488 489 316 307 545 378 372 550 393 388
203 491 494 320 312 551 386 378 557 398 391
259 497 503 323 315 554 390 380 560 399 392
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Generally, in first week 40%, of the shrinkage occurred and more than 70% of
shrinkage took place in first month. Even after about 8 months, all the mixes had
shrinkage less than 500 microns, except for the three mixes having no expansive agent
added to them; M2, M5 and, M8 with shrinkage values of about 503, 554 and 560
microns, respectively.
It is to be noted that the drying shrinkage increased with increasing the percentage
of silica fume as replacement. Such high drying shrinkage is ascribable to the high
pozzolanic reaction and pore size refinement mechanism of silica fume [138]. Further-
more, the drying shrinkage was almost equal with 0.25% and 0.5% of expansive agent
for the same silica fume dosage. Hence, it seems that the role of silica fume on drying
shrinkage to overshadow the effect of expansive agent.
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Figure 4.17: Drying shrinkage of HPNSG with 5% SF and the control mix.
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Figure 4.18: Drying shrinkage of HPNSG with 10% SF and the control mix.
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Figure 4.19: Drying shrinkage of HPNSG with 15% SF and the control mix.
79
4.5.3 Mixes Containing LSP
Table 4.22 shows the average numerical values of drying shrinkage for all LSP mixtures.
Figures 4.20 and 4.21 display the graphs of drying shrinkage, taken at different times,
and plotted from the data in Table 4.22 for the mixes containing LSP.
Figure 4.20 shows that only M11 had shrinkage slightly higher than the control
mix, although in early age, all the mixes had almost the same shrinkage. With the
increase in LSP to 20% by cement, it is obvious that the drying shrinkage declined
with increasing the percentage of LSP, as shown in Figure 4.21> It is reported that
limestone mortar paste seems to be less porous with more refined pores thus preventing
desiccation [139] and LSP is also relatively an inert calcareous filler [140].
Table 4.22: Average drying shrinkage of HPNSG with LSP and the control mix.
Duration
(days)
Drying Shrinkage (microns)
M1 M11 M12 M13 M14 M15 M16
0 0 0 0 0 0 0 0
1 116 66 54 91 94 53 59
3 280 144 157 165 137 143 147
7 240 188 198 215 201 158 169
14 265 206 219 229 277 177 179
28 376 187 270 224 364 200 180
42 387 244 274 269 383 245 254
56 400 267 313 301 382 262 292
70 419 384 361 311 393 314 302
84 432 421 371 313 400 338 311
105 463 471 391 328 421 340 324
126 485 492 400 336 435 342 333
147 488 503 410 346 447 343 338
203 491 505 415 352 452 345 340
259 497 506 418 353 454 345 341
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Figure 4.20: Drying shrinkage of HPNSG with 10% LSP and the control mix.
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Figure 4.21: Drying shrinkage of HPNSG with 20% LSP and the control mix.
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4.5.4 Mixes Containing NP
Table 4.23 summarizes the average drying shrinkage values for all NP mixtures. Figure
4.22 shows schematically the drying shrinkage data, taken at different times, plotted
from the values in Table 4.23 for the mixes containing NP.
It is clear that all the three mixes with NP had shrinkage values lower than that
of the control mix mostly at all ages (the total shrinkage for the control mix was 497
microns, while it was 396, 380 and 333 microns for M17, M18 and M19, respectively).
Such low shrinkage could be ascribed to the quality of the microstructure of NP mixes
and the pores refinement which prevent water evaporation [139]. The data in Table
4.23 and Figure 4.22 indicate that at early stage, M18 and M19 reached most of their
shrinkage, after the first week, M18 reached 68% while M19 had 52% of their total
shrinkage, that climbed up to 87% and 76% after 42 days, respectively. For M18 (the
mix with no expansive material), it reached 40% after 7 days and 68% after 28 days.
Hence, the role of the expansive agent seemed to mitigate drying shrinkage in NP
mixes.
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Figure 4.22: Drying shrinkage of HPNSG with 20% NP and the control mix.
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Table 4.23: Average drying shrinkage of HPNSG with NP and the control mix.
Duration
(days)
Drying Shrinkage (microns)
M1 M17 M18 M19
0 0 0 0 0
1 116 114 114 44
3 280 142 196 153
7 240 157 258 174
14 265 221 315 196
28 376 234 329 241
42 387 309 332 253
56 400 344 337 304
70 419 365 339 308
84 432 382 345 312
105 463 390 362 320
126 485 393 378 324
147 488 394 379 329
203 491 395 380 332
259 497 396 380 333
4.5.5 Mixes Containing MK
Table 4.24 shows the average drying shrinkage values for all MK mixtures. Figures
4.23 and 4.24 show the graphs of drying shrinkage, taken at different times, plotted
from the values in Table 4.24 for all the mixes containing MK.
Figures 4.23 and 4.24 indicate that with increasing the percentage of MK, there was
marginal decrease in shrinkage for the same expansive agent percentage. However, no
any mix exceeded 500 microns, even after 259 days. All the six MK mixes had drying
shrinkage lower than the control mix values, even with no any expansive agent added
to the mixture because MK enhanced substantially the pore structure and reduced the
content of the harmful large pores, thereby making the grout more impervious [134].
The difference in shrinkage between the control mix and MK mixes decreased with
percentage of MK replacement went up, whereby the 10% of cement replaced with
MK, those mixes had ultimate shrinkage close to that of the control mix (497 microns
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Table 4.24: Average drying shrinkage of HPNSG with MK and the control mix.
Duration
(days)
Drying Shrinkage (microns)
M1 M20 M21 M22 M23 M24 M25
0 0 0 0 0 0 0 0
1 116 106 73 60 60 101 58
3 280 260 222 181 201 190 67
7 240 280 227 206 251 236 91
14 265 307 251 285 318 277 122
28 376 327 285 328 329 285 153
42 387 350 357 338 341 312 167
56 400 418 403 367 367 337 230
70 419 451 411 382 421 345 263
84 432 472 414 368 448 352 283
105 463 479 437 378 459 358 299
126 485 485 454 382 465 362 310
147 488 491 469 387 473 367 315
203 491 493 472 390 477 370 316
259 497 495 472 391 480 371 317
for the control mix as compared to 495, 472 and 391 microns for M20, M21 and
M22, respectively). When the MK dosage replaced reached 20% and the expansive
material was used, the ultimate shrinkage for MK mixes was much lower compared
to the control mix (497 microns for the control mix as compared to 480, 371 and 317
microns to M23, M24 and M25, respectively).
4.5.6 Summary of Drying Shrinkage for all Mixes
Table 4.25 summarizes the results of drying shrinkage for all mixes in this study.
The data in this table indicate that the maximum drying shrinkage was noted in the
mixes with SF (M2, M5 and M8) and the mix with the highest dosage of LSP (M11)
in addition the commercial grouts. Though the high shrinkage in SF mixes is well
documented in the literature [33,42,81,138,139,141]; the high shrinkage of M11 could
not be justified. However, all the developed grouts (including those with SF) had
lower shrinkage than the two commercial grouts.
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Figure 4.23: Drying shrinkage of HPNSG with 10% MK and the control mix.
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Figure 4.24: Drying shrinkage of HPNSG with 20% MK and the control mix.
85
As expected, with increasing the percentage of the expansive agent, the drying
shrinkage declined. The shrinkage dropped by 37%, 30%, 16% and 34% with 0.5% of
expansive agent for mixes with SF, LSP, NP and MK, respectively.
Table 4.25: Average drying shrinkage of all mixes in this study.
Mix ID Ultimate DryingShrinkage (microns)
M1-Ctrl-0-0 497
M2-SF-5-0 503
M3-SF-5-0.25 323
M4-SF-5-0.5 315
M5-SF-10-0 554
M6-SF-10-0.25 390
M7-SF-10-0.5 380
M8-SF-15-0 560
M9-SF-15-0.25 399
M10-SF-15-0.5 392
M11-LSP-10-0 506
M12-LSP-10-0.25 418
M13-LSP-10-0.5 353
M14-LSP-20-0 454
M15-LSP-20-.25 345
M16-LSP-20-0.5 341
M17-NP-20-0 396
M18-NP-20-0.25 380
M19-NP-20-0.5 333
M20-MK-10-0 495
M21-MK-10-0.25 472
M22-MK-10-0.5 391
M23-MK-15-0 480
M24-MK-15-0.25 371
M25-MK-15-0.5 317
M26-Sika® grout-214 596
M27-Fosroc® Conbextra GP 637
4.6 CORROSION POTENTIALS
Measurement of corrosion potential is one of the popular methods for monitoring re-
inforcement corrosion in concrete [142, 143]. It is conducted in accordance with the
provisions of ASTM C 876 [112]. Figures 4.25 through 4.29 show the variation of
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potential (Ecorr) with time of exposure to the 5% NaCl solution for each group of
specimens. As per ASTM C 876 standard, the probability of reinforcement corrosion
is presented in Table 4.26. The threshold level of Ecorr measured on a rebar at which
corrosion is assumed to be active is shown in Figures 4.25 to 4.29. This threshold value
of Ecorr is -276 mV SCE for the standard Calomel electrode used for this monitoring
process.
Table 4.26: Corrosion condition related with half-cell potential (HCP) measure-
ments.
Open circuit potential (OCP) values Corrosion condition(mV vs. SCE) (mV vs. CSE)
<-426 <-500 Severe corrosion
<-276 <-350 High (<90% risk of corrosion)
-126 to -275 -350 to -200 Intermediate corrosion risk
>-125 >-200 Low(10% risk of corrosion)
4.6.1 Control Mix and Commercial Grouts
Figure 4.25 shows the variation of potential with exposure time of the control mix
and the two commercial grouts. From the graph, the control mix had almost similar
potentials to those of the commercial grouts. After above 250 days of exposure, the
corrosion potentials of steel in these three mixes were less than the threshold potential
indicating that the reinforcement were in a passive condition.
4.6.2 Mixes Containing SF
Figure 4.26 shows the variation of potential with exposure time of HPNSG specimens
representing the mixes containing SF. From the data in this figure, it is clear that
none of these mixtures had the embedded steel in the active state of corrosion within
the 250 days of exposure. Also, the potentials are not in an uptrend, which is an indi-
cation that the time to initiation of corrosion may be very long. This high durability
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Figure 4.25: Variation of potential with exposure time for Control mix and com-
mercial grouts.
quality is attributable to the excellent filling effect of SF [144, 145] thereby making
the microstructure of these specimens very dense and impermeable.
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Figure 4.26: Variation of potential with exposure time for SF mixes.
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4.6.3 Mixes Containing LSP
Figure 4.27 shows the variation of potential with exposure time of HPNSG specimens
representing the mixes containing LSP. The data in this figure indicate that the trend
is declining with time (The potential values after 200 days was lower than that of 28
days). None of the mixes reached the threshold line, indicating the good durability
characteristics of these mixes. Limestone powder improves the durability features of
concretes by providing more compact structure through its pore-filling effect [146–148].
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Figure 4.27: Variation of potential with exposure time for LSP mixes.
4.6.4 Mixes Containing NP
Figure 4.28 shows the variation of potential with exposure time of HPNSG specimens
representing the mixes containing NP. From the data in this figure, it is clear that all
the three mixes had low potential to corrosion.
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Figure 4.28: Variation of potential with exposure time for NP mixes.
4.6.5 Mixes Containing MK
Figure 4.29 shows the variation of potential with exposure time of HPNSG specimens
representing the mixes containing MK. As it is clear from the figure, the potential
reached the threshold only at very early ages, then declined with time. It was re-
ported by several researchers that using MK as replacement of cement makes durable
structures [130,131,149].
4.7 CORROSION CURRENT DENSITY
Figures 4.30 through 4.34 show the variation of corrosion current density, Icorr, with
exposure time to the 5% NaCl solution for each group of HPNSG specimens. As
expected, the value of Icorr tended to increase with the exposure time.
The criteria for corrosion initiation have been reported from both field and labo-
ratory investigations [150–152] and presented in Table 4.27.
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Table 4.27: Corrosion current vs. condition of the rebar.
Corrosion current (Icorr) Rebar Condition
Icorr < 0.1 µA/cm2 Passive condition
Icorr 0.1− 0.5 µA/cm2 Low to moderate corrosion
Icorr 0.5− 1.0 µA/cm2 Moderate to high corrosion
Icorr > 1.0 µA/cm2 High corrosion rate
4.7.1 Control Mix and Commercial Grouts
Figure 4.30 shows the variation of corrosion current density of the control mix and
the two commercial grouts used in this study. From the data in this graph, no any
sign of corrosion initiation was noticed.
4.7.2 Mixes Containing SF
Figure 4.31 shows the variation of Icorr of HPNSG specimens for the mixes containing
SF. From the data in this figure, all the mixes containing SF fell in the zone of passive
condition (Icorr < 0.1 µA/cm2), hence, no corrosion was expected.
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Figure 4.30: Variation of corrosion current density with exposure time for the control
and commercial grouts mixes.
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Figure 4.31: Variation of corrosion current density with exposure time SF mixes.
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4.7.3 Mixes Containing LSP
Figure 4.32 shows the variation of corrosion current density of HPNSG specimens for
the mixes containing LSP. As shown in this figure, LSP has high resistant to corrosion
as mentioned in the section of potential.
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Figure 4.32: Variation of corrosion current density with exposure time LSP mixes.
4.7.4 Mixes Containing NP
Figure 4.33 shows the variation of corrosion current density of HPNSG specimens for
mixes containing NP. All the mixes exhibited Icorr value below the threshold value of
0.1 µA/cm2.
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Figure 4.33: Variation of corrosion current density with exposure time NP mixes.
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4.7.5 Mixes Containing MK
Figure 4.34 shows the variation of corrosion current density of HPNSG specimens for
mixes containing MK. From the graph, no any sign of corrosion initiation was noticed.
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Figure 4.34: Variation of corrosion current density with exposure time MK mixes.
4.7.6 Summary of Corrosion Current Density for all Mixes
Table 4.28 summarizes the corrosion current density of all mixes in this study. It is
clear from the data in this table at 90 days, the maximum Icorr was 0.034 µA/cm2,
which is far away from the threshold 0.1 µA/cm2 which indicates that none of any
reinforcement had started corroding yet. This could be attributed to the short term
exposure.
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Table 4.28: corrosion current density of all Mixes in this study.
Mix ID Corrosion Current Density (µA/cm
2)
15 days 50 days 90 days
M1-Ctrl-0-0 0.015 0.019 0.029
M2-SF-5-0 0.007 0.011 0.017
M3-SF-5-0.25 0.011 0.016 0.019
M4-SF-5-0.5 0.006 0.008 0.019
M5-SF-10-0 0.006 0.010 0.017
M6-SF-10-0.25 0.009 0.014 0.017
M7-SF-10-0.5 0.008 0.010 0.028
M8-SF-15-0 0.007 0.008 0.019
M9-SF-15-0.25 0.009 0.012 0.026
M10-SF-15-0.5 0.013 0.008 0.017
M11-LSP-10-0 0.012 0.013 0.016
M12-LSP-10-0.25 0.015 0.019 0.023
M13-LSP-10-0.5 0.015 0.024 0.029
M14-LSP-20-0 0.014 0.015 0.023
M15-LSP-20-.25 0.009 0.017 0.024
M16-LSP-20-0.5 0.009 0.014 0.027
M17-NP-20-0 0.013 0.018 0.025
M18-NP-20-0.25 0.015 0.019 0.027
M19-NP-20-0.5 0.018 0.023 0.030
M20-MK-10-0 0.009 0.012 0.019
M21-MK-10-0.25 0.007 0.014 0.021
M22-MK-10-0.5 0.008 0.014 0.023
M23-MK-15-0 0.010 0.013 0.021
M24-MK-15-0.25 0.008 0.015 0.025
M25-MK-15-0.5 0.008 0.016 0.024
M26-Sika grout-214 0.017 0.024 0.030
M27-Fosroc Conbextra GP 0.019 0.027 0.034
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4.8 CHLORIDE DIFFUSION
The chloride profiles for free chloride concentrations are shown in Figures 4.35 through
4.59. Only selected mixes were presented for clarification. The chloride-ion contents
were given as percentage by weight of grout.
The values of surface concentration and apparent chloride diffusion coefficient were
determined by fitting Equation 2.4 to the measured chloride-ion contents by means of
a non-linear regression analysis using the method of least squares [153].
4.8.1 Control Mix and Commercial Grouts
Figures 4.35 to 4.37 show the free chloride profile for the control mix, Sika® 214, and
Fosroc® Conbextra GP, respectively.
Table 4.29 shows the apparent chloride diffusion coefficient (Da) for the control
mix and commercial grouts and the ratio of Da to the control mix value. From the
data in this table; the chloride diffusion coefficient for the control mix was less than
that of both commercial grouts used in this study. The Sika® grout-214 was greater
than the control mix by only 2%, while the Fosroc® grout was higher by 17%.
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Figure 4.35: Free chloride profile for the control mix.
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Figure 4.36: Free chloride profile for M26-Sika®-214.
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Figure 4.37: Free chloride profile for M27-Fosroc® Conbextra GP.
Table 4.29: Diffusion coefficient for the control mix and commercial grouts.
Mix ID Da (× 10−12 m2/s)
Ratio in terms
of the control
M1-Ctrl-0-0 9.81 1.00
M26-Sika® grout 214 11.5 1.17
M27-Fosroc® Conbextra GP 9.98 1.02
4.8.2 Mixes Containing SF
Figures 4.38 to 4.46 show the free chloride profile for silica fume mixes, while Table 4.30
summarizes the apparent chloride diffusion coefficient (Da) for the mixes containing
SF.
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It’s clear from the data in Table 4.30 that all SF mixes had lower diffusion coef-
ficient than the control mix. These results coincide with previous research [154–158].
The ratio of diffusion coefficient between the mixes containing SF as replacement
to that of the control mix varied between 25% to 81%. This is because silica fume
improves the mechanical and durability properties by enhancing the microstructure
of concrete. Furthermore, the data in Table 4.30 indicate that with increasing the
percentage of expansive agent, there was marginal increase in chloride diffusion.
SF increases the diffusion resistance of concrete in several ways. As a mineral
admixture with extreme fineness and high pozzolanic reactivity, SF improves the dif-
fusion resistance of concrete by refining the pore structure of interfacial transition
zone of concrete [159] and by producing a greater solid volume of C-S-H gel [160],
and also reducing the porosity for fixed degree of cement hydration [161]. Bentz et
al. [156] observed that the pozzolanic gel produced from SF had about 25 times less
diffusivity than the gel produced from normal cement hydration.
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Figure 4.38: Free chloride profile for M2-SF-5-0.
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Figure 4.39: Free chloride profile for M3-SF-5-0.25.
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Figure 4.40: Free chloride profile for M4-SF-5-0.5.
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Figure 4.41: Free chloride profile for M5-SF-10-0.
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Figure 4.42: Free chloride profile for M6-SF-10-0.25.
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Figure 4.43: Free chloride profile for M7-SF-10-0.5.
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Figure 4.44: Free chloride profile for M8-SF-15-0.
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Figure 4.45: Free chloride profile for M9-SF-15-0.25.
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Figure 4.46: Free chloride profile for M10-SF-15-0.5.
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Table 4.30: Diffusion coefficient for mixes contain SF.
Mix ID Da (× 10−12 m2/s)
Ratio in terms
of the control
M1-Ctrl-0-0 9.81 1.00
M2-SF-5-0 7.85 0.80
M3-SF-5-0.25 7.91 0.81
M4-SF-5-0.5 7.94 0.81
M5-SF-10-0 5.51 0.56
M6-SF-10-0.25 5.61 0.57
M7-SF-10-0.5 6.20 0.63
M8-SF-15-0 2.43 0.25
M9-SF-15-0.25 2.87 0.29
M10-SF-15-0.5 3.03 0.31
4.8.3 Mixes Containing LSP
Figures 4.47 to 4.52 show the free chloride profile for LSP mixes. The data in Ta-
ble 4.31 summarizes the apparent chloride diffusion coefficient (Da) for the mixes
containing LSP.
Table 4.31 indicate that all the LSP mixes had lower diffusion coefficient than the
control mix. The reduction is attributed to the filler effect on the tortuosity of the
mixture [162]. Previous researches have similar findings [162–164]. However, there
is slightly increase in the chloride diffusion with increasing the expansive agent. The
ratio of diffusion coefficient between mixes contain LSP and the control mix was in
the range of 56% to 66%.
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Figure 4.47: Free chloride profile for M11-LSP-10-0.
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Figure 4.48: Free chloride profile for M12-LSP-10-0.25.
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Figure 4.49: Free chloride profile for M13-LSP-10-0.5.
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Figure 4.50: Free chloride profile for M14-LSP-20-0.
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Figure 4.51: Free chloride profile for M15-LSP-20-0.25.
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Figure 4.52: Free chloride profile for M16-LSP-20-0.5.
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Table 4.31: Diffusion coefficient for mixes contain LSP.
Mix ID Da (× 10−12 m2/s) Ratio in termsof the control
M1-Ctrl-0-0 9.81 1.00
M11-LSP-10-0 6.18 0.63
M12-LSP-10-0.25 6.23 0.64
M13-LSP-10-0.5 6.45 0.66
M14-LSP-20-0 5.51 0.56
M15-LSP-20-0.25 5.97 0.61
M16-LSP-20-0.5 6.02 0.61
4.8.4 Mixes Containing NP
Figures 4.53 to 4.55 show the free chloride profile for NP mixes, while Table 4.32
summarizes the apparent chloride diffusion coefficient (Da) for the mixes containing
NP.
It is clear from the data in Table 4.32 that all NP mixes had lower diffusion coef-
ficients than the control mix. However, with increasing the percentage of expansive
agent, there was marginal increase in the chloride diffusion coefficient. Previous re-
searches had shown the same conclusion [165, 166]. The ratio of chloride diffusion
coefficient of mixes containing NP as replacement to that of the control mix was 49%,
56% and 70% for M17, M18 and, M19, respectively.
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Figure 4.53: Free chloride profile for M17-NP-20-0.
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Figure 4.54: Free chloride profile for M18-NP-20-0.25.
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Figure 4.55: Free chloride profile for M19-NP-20-0.5.
Table 4.32: Diffusion coefficient for mixes contain NP.
Mix ID Da (× 10−12 m2/s)
Ratio in terms
of the control
M1-Ctrl-0-0 9.81 1.00
M17-NP-20-0 4.81 0.49
M18-NP-20-0.25 5.51 0.56
M19-NP-20-0.5 6.85 0.70
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4.8.5 Mixes Containing MK
Figure 4.56 to 4.61 show the free chloride profile for MK mixes, while Table 4.33 shows
the apparent chloride diffusion coefficient (Da) for the mix containing MK.
It is clear from the data in Table 4.33 that all MK mixes had lower diffusion
coefficient than the control mix. Further, with increasing the percentage of expansive
agent, the chloride diffusion coefficient went slightly up. Previous researches reported
the same conclusion [167, 168]. The ratio of diffusion coefficient between the mixes
containing MK as replacement to that of the control mix, varied between 19% to 50%.
0.000
0.010
0.020
0.030
0 25 50 75 100
C h
l o
r i d
e  
C o
n t
e n
t   (
  %
  w
t .  
o f
  g
r o
u t
)
Depth from Surface (mm)
Fit Curve
Test Values
Figure 4.56: Free chloride profile for M20-MK-10-0.
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Figure 4.57: Free chloride profile for M21-MK-10-0.25.
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Figure 4.58: Free chloride profile for M22-MK-10-0.5.
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Figure 4.59: Free chloride profile for M23-MK-15-0.
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Figure 4.60: Free chloride profile for M24-MK-15-0.25.
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Figure 4.61: Free chloride profile for M25-MK-15-0.5.
Table 4.33: Diffusion coefficient, surface and initial concentration for mixes contain
MK.
Mix ID Da (× 10−12 m2/s)
Ratio in terms
of the control
M1-Ctrl-0-0 9.81 1.00
M20-MK-10-0 2.86 0.29
M21-MK-10-0.25 3.10 0.32
M22-MK-10-0.5 4.90 0.50
M23-MK-15-0 1.82 0.19
M24-MK-15-0.25 2.94 0.30
M25-MK-15-0.5 3.54 0.36
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4.8.6 Summary of Chloride Diffusion Coefficient for all Mixes
Table 4.34 summarizes the results of chloride diffusion coefficient for all mixes in this
study. The data in this table indicate that the two commercial grouts and the control
mix had the highest chloride diffusion coefficient, while the lowest values were attained
by SF and MK mixes, specially at their high dosages. Furthermore, it can be easily
noted that the chloride diffusion coefficient tended to increase marginally with the
increase in the dosage of the expansive agent.
4.9 EXPECTED SERVICE LIFE
The service life of the different mixtures was estimated based on the following assump-
tions:
1. The diffusion rate is constant with depth into the specimen.
2. The cover to reinforcing steel is 50 mm (2 inches) for all specimens.
3. A free chloride threshold level of 0.02% by the total mass of grout is sufficient
to depassivate the reinforcement [169].
The expected service life (t) was found by substituting (C(x,t) = 0.02), (x =50
mm) and the values of (Da, Cs, and Ci) for each mix in Equation 2.4. Table 4.35
summarizes the expected service life for both the developed and commercial grouts.
The expected service life for the control mix was estimated to be 20 years, which is
longer than both types of the commercial grouts, which had values of 15 and 17 years
for Sika® grout-214 and Fosroc® Conbextra GP, respectively. This better performance
of the control mix may be ascribed to the high quality of this mix in terms of low
water to binder ratio (w/b = 0.32), cement content, fine aggregates, etc.
Since all the 24 developed grouts (M2 to M24) were similar to the control mix
(M1) in terms of the mix design parameters, it is rational to expect longer service
116
Table 4.34: Diffusion coefficient, surface and initial concentration for mixes contain
MK.
Mix ID Da (× 10−12 m2/s) Ratio in termsof the control
M1-Ctrl-0-0 9.81 1.00
M2-SF-5-0 7.85 0.80
M3-SF-5-0.25 7.91 0.81
M4-SF-5-0.5 7.94 0.81
M5-SF-10-0 5.51 0.56
M6-SF-10-0.25 5.61 0.57
M7-SF-10-0.5 6.20 0.63
M8-SF-15-0 2.43 0.25
M9-SF-15-0.25 2.87 0.29
M10-SF-15-0.5 3.03 0.31
M11-LSP-10-0 6.18 0.63
M12-LSP-10-0.25 6.23 0.64
M13-LSP-10-0.5 6.45 0.66
M14-LSP-20-0 5.51 0.56
M15-LSP-20-0.25 5.97 0.61
M16-LSP-20-0.5 6.02 0.61
M17-NP-20-0 4.81 0.49
M18-NP-20-0.25 5.51 0.56
M19-NP-20-0.5 6.85 0.70
M20-MK-10-0 2.86 0.29
M21-MK-10-0.25 3.10 0.32
M22-MK-10-0.5 4.90 0.50
M23-MK-15-0 1.82 0.19
M24-MK-15-0.25 2.94 0.30
M25-MK-15-0.5 3.54 0.36
M26-Sika® grout 214 11.5 1.17
M27-Fosroc® Conbextra GP 9.98 1.02
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life for these grouts because part of the cement was exchanged with active/reactive
material (i.e., SF, NP, LSP, MK).
As shown in Table 4.35, all the developed grouts had longer service life than the
control mix. Their service life was in the range of 25 to 70 years for silica fume mixes,
26 to 31 years for limestone powder, 25 to 35 years for natural pozzolan, and 35 to 94
years for metakaolin mixes. Among all the developed mixes, the MK mixes had the
longest expected service life followed by SF mixes.
Table 4.35: Predicted life for developed and commercial grouts
MIX ID Expected Life (years)
M1-Ctrl-0-0 20
M2-SF-5-0 25
M3-SF-5-0.25 25
M4-SF-5-0.5 25
M5-SF-10-0 42
M6-SF-10-0.25 42
M7-SF-10-0.5 38
M8-SF-15-0 70
M9-SF-15-0.25 69
M10-SF-15-0.5 65
M11-LSP-10-0 28
M12-LSP-10-0.25 27
M13-LSP-10-0.5 26
M14-LSP-20-0 31
M15-LSP-20-.25 29
M16-LSP-20-0.5 28
M17-NP-20-0 35
M18-NP-20-0.25 31
M19-NP-20-0.5 25
M20-MK-10-0 60
M21-MK-10-0.25 55
M22-MK-10-0.5 35
M23-MK-15-0 94
M24-MK-15-0.25 58
M25-MK-15-0.5 48
M26-Sika® grout-214 15
M27-Fosroc® Conbextra GP 17
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4.10 COST ANALYSIS
In order to compare the cost of the 25 investigated HPNSGs, the local unit costs of
materials were collected from the manufacturers and quarries and presented in Table
4.37 through 4.41. It should be noted that the overall cost of grout production excludes
the costs of transportation, handling, placement and quality control. A summary of
the cost in Saudi Riyals per cubic meter is presented in Table 4.36 for the sake of
relative comparison.
It is clear from the data in Table 4.36 that the cheapest mixes were the ones con-
taining metakaolin as replacement, followed by limestone powder, natural pozzolan,
while the most expensive ones were those containing silica fume as replacement. Fur-
thermore, it could be noted that with increasing the percentage of expansive agent,
the cost went up. Also, it is obvious that the cost of developed grouts was much
less than that of both the commercial grouts used in this study. Hence, the principal
objective of this research investigation has been fulfilled.
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Table 4.36: Cost analysis for all mixes in this study.
Mix ID Cost SR/m3
M1-Ctrl-0-0 408
M2-SF-5-0 443
M3-SF-5-0.25 539
M4-SF-5-0.5 586
M5-SF-10-0 530
M6-SF-10-0.25 578
M7-SF-10-0.5 625
M8-SF-15-0 571
M9-SF-15-0.25 619
M10-SF-15-0.5 666
M11-LSP-10-0 340
M12-LSP-10-0.25 426
M13-LSP-10-0.5 465
M14-LSP-20-0 366
M15-LSP-20-.25 404
M16-LSP-20-0.5 443
M17-NP-20-0 448
M18-NP-20-0.25 535
M19-NP-20-0.5 574
M20-MK-10-0 355
M21-MK-10-0.25 441
M22-MK-10-0.5 479
M23-MK-15-0 398
M24-MK-15-0.25 436
M25-MK-15-0.5 475
M26-Sika grout-214 3080
M27-Fosroc Conbextra GP 3472
Table 4.37: Cost analysis for commercial grouts used in this study.
Type Density Rate, SR/ton Cost, SR/m3
M26-Sika® Grout-214 2200 1400 3080
M27-Fosroc® Conbextra GP 2170 1600 3472
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CHAPTER 5
CONCLUSIONS,
RECOMMENDATIONS AND
FUTURE WORK
5.1 CONCLUSIONS
This research investigation was conducted to produce high performance non-shrinking
grout utilizing the locally available materials, such as limestone powder, natural poz-
zolan, metakoline and silica fume. Several tests were conducted to assess the mechani-
cal properties and durability characteristic of these grouts. Furthermore, cost analysis
was conducted. Based on the experimental data obtained in this study, the following
conclusions could be drawn:
5.1.1 Control Mix and Commercial Grouts
1. The compressive strength at 28 days for the control mix was 54.6 MPa, while
it was 60.1 MPa for Sika®grout-214 and 63.1 MPa for Fosroc® grout Conbextra
GP. The values of splitting tensile strength for these mixes at 28 days were 3.7,
4.1 and, 3.9 MPa, while at 28 days the modulus of elasticity was 28.4, 21.8 and,
125
32.9 GPa for the control mix, Sika®grout-214 and, Fosroc® grout Conbextra GP,
respectively.
2. The drying shrinkage after 7 days for the control mix, Sika®-214 grout and
Fosroc® Conbextra GP grout was: 240, 303 and 174 microns, respectively, as
compared with 463, 588 and 632 microns after 259 days.
3. The ontrol mix and both commercial grouts were not active in corrosion after
250 days of exposure to the 5% chloride solution. All the three mixes were
in intermediate corrosion risk zone. Further, the Icorr results indicted that all
the rebars were in a passive condition after 90 days of exposure. The apparent
chloride diffusion coefficient for the control mix, Sika® 214 grout, and Fosroc®
Conbextra GP grout were: 9.80, 11.5, and 9.76 × 10−12 m2/sec, respectively.
4. The expected service life was 20, 15 and, 17 years for the control mix, Sika®
214 grout, and Fosroc® Conbextra GP, with initial cost of 408, 3080 and 3472
SR/m3 in the same order.
5.1.2 Mixes Containing Silica Fume
1. The HPNSG mixes containing silica fume exhibited high compressive strength.
All the mixes had a compressive strength above 45.0 MPa, with an average
28-day strength of about 56.4 MPa, 57.0 MPa and 61.2 MPa for SF replaced
by 5%, 10% and 15%, respectively, compared to 54.6 MPa to the control mix.
The highest strength was 64.5 MPa, while the lowest one was 53.7 MPa. The
splitting tensile strength had values between 3.5 to 4.1 MPa compared to 3.7
MPa to the control mix, and the modulus of elasticity was in the range of 28.4
to 32.9 GPa compared to 28.4 GPa for the control mix.
2. The drying shrinkage for SF mixes was in ranges 82 to 336 microns after 7
days, while it was 315 to 560 microns after 259 days. The influence of expansive
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material on drying shrinkage of SF mixes indicated that the drying shrinkage
was declined with increasing the dosage of expansive agent.
3. All SF blends had not been active in corrosion after 250 days of exposure to
the 5% chloride solution. Most of the mixes were in the zone of low corrosion
(less than 10% corrosion probability), while part of the mixes were in the inter-
mediate corrosion risk zone. These results were backed up by the Icorr values
which indicated that all the rebars were in a passive condition after 90 days of
measurement. The apparent chloride diffusion coefficient for SF mixes was in
the range of 2.90 to 7.85 × 10−12 m2/sec.
4. The expected service life was in the range of 25 to 70 years with an initial cost
between 443 to 666 SR/m3.
5.1.3 Mixes Containing Limestone Powder
1. All the HPNSG mixes containing limestone powder had a strength exceeding
45.0 MPa. The average strength at 28 days was 51.7 MPa and 50.0 MPa with
10% and 20% of LSP replaced, respectively. Among all the six mixes, the lowest
compressive strength at 28 days was 48.3 MPa and the highest one was 51.7
MPa. The splitting tensile strength values were between 3.4 to 3.7 MPa, and
the modulus of elasticity was in the range of 26.6 to 28.5 GPa.
2. The drying shrinkage for LSP’s mixes was in the ranges 158 to 215 microns,
after 7 days, while it was 341 to 506 microns after 259 days.
3. All LSP blends were not active in corrosion after 250 days of exposure to the 5%
chloride solution. Though all the mixes were in the low risk zone (less than 10%
corrosion probability) at early age, part of the mixes were in the intermediate
corrosion risk zone. Similar results were noted from the Icorr values that indicated
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all the rebars were still in the passive condition after 90 days of exposure. The
apparent chloride diffusion coefficient for LSP mixes was in the range 3.18 to
6.17 × 10−12 m2/sec.
4. The expected service life was in the range of 26 to 31 years with an initial cost
between 340 to 443 SR/m3.
5.1.4 Mixes Containing Natural Pozzolan
1. All the three HPNSG mixes replaced by 20% natural pozzolan had strength
greater than 45 MPa. The compressive strength at 28 days was in the range
between 54.0 MPa and 59.4 MPa with an average of 57.0 MPa. The splitting ten-
sile strength values were between 3.6 to 4.3 MPa, and the modulus of elasticity
was in the range of 27.5 to 30.6 GPa.
2. The drying shrinkage for NP’s mixes was in the range of 157 to 258 microns after
7 days, while it was 333 to 396 microns after 259 days. The drying shrinkage
de-escalated when the expansive material was increased.
3. All the NP blends were not active in corrosion after 250 days of exposure to the
5% chloride solution. It was fluctuating between low to intermediate risk zones,
with a general trend to decline with time and entering the low risk zone. The
Icorr values matched that conclusion, after 90 days of exposure, whereby all the
rebars were in the passive condition. The apparent chloride diffusion coefficient
for NP mixes was in the range of 4.81 and 6.65 × 10−12 m2/sec.
4. The expected service life was in the range of 25 to 35 years with an initial cost
between 448 to 574 SR/m3.
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5.1.5 Mixes Containing Metakaolin
1. The HPNSG mixes containing metakaolin had high compressive strength, All
the mixes had compressive strength above 45.0 MPa, with an average 28-day
strength of about 63.1 MPa and 67.0 MPa for MK replacements of 10% and
15%, respectively. The highest strength was 73.5 MPa, while the lowest one was
58.5 MPa. The splitting tensile strength had values between 3.9 to 4.4 MPa,
and the modulus of elasticity was in the range of 28.7 to 33.9 GPa.
2. The drying shrinkage for MK mixes was in the range of 91 to 280 microns after
7 days, while it was 317 to 495 microns after 259 days.
3. All the MK blends were not active in corrosion after 250 days of exposure to the
5% chloride solution. In spite of the fact that most of the mixes were in the low
risk zone (less than 10% corrosion probability), part of the mixes were in the
intermediate corrosion risk zone. The Icorr values coincided with that conclusion.
After 90 days of measurement, rebars were still in the passive condition. The
apparent chloride diffusion coefficient for SF mixes was in the range of 1.82 to
4.91 × 10−12 m2/sec.
4. The expected life was in the range of 35 to 94 years with an initial cost between
355 to 475 SR/m3.
5.1.6 Models for Splitting Tensile Strength and Modulus of
Elasticity
The relationship between splitting tensile strength (fst, MPa) and compressive strength
(f′c, MPa) at 28 days for the developed grouts in this study can expressed as follows:
fst = 0.145(f ′c)
0.81 (5.1)
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While the the relationship between modulus of elasticity (Ec, GPa) and compres-
sive strength (f′c, MPa) at 28 days for the developed grout in this study can expressed
as follows:
Ec = 1.75(f ′c)
0.702 (5.2)
5.1.7 Summary of Results
Table 5.1 summarizes the results for the tests carried out in the study.
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5.2 RECOMMENDATIONS
Based on the experimental results of this research program, the following recommen-
dations could be stated:
1. Grouts made with SF, LSP, NP and MK are recommended for use in high
strength applications (structural purpose with required compressive strength
greater than 45 MPa), even where reinforcement corrosion is critical.
2. Grout prepared with NP is recommended for use where small shrinkage is re-
quired.
3. Grout prepared with MK is recommended where chloride diffusion is an issue.
4. Limit the quantity of expansive material to 0.25% by weight of powder (cement+
replacement material) to minimize excessive expansive and cracking.
5.3 RECCOMMENDATIONS FOR FUTURE RE-
SEARCH WORKS
1. Long-term study on durability of HPNSG, particularly with regard to assess-
ment of rebar corrosion monitoring, in addition to other durability properties of
concrete (i.e., sulfate attack), is highly recommended.
2. The performance of the developed grouts may be evaluated in the field.
3. The other durability parameters of HPNSG grouts produced with these waste
materials are to be investigated (i.e., under heat-cool and wet-dry cycles, resis-
tance to carbonation, etc.).
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